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of  the  University  of  Florida  in  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of  Doctor  of  Philosophy 

INTERNAL  ENERGY  EFFECTS  IN  TANDEM  MASS  SPECTROMETRY 

By 

Maria  del  Pilar  Ospina 
December,  1998 

Chairman:  Richard  A.  Yost 

Major  Department:  Department  of  Chemistry 

The  role  of  precollisional  internal  energy  on  MS/MS  spectra  was 
investigated.  Several  ionization  techniques  were  used  to  generate  the  ions 
employed  in  these  studies.  It  was  shown  that  the  extent  of  fragmentation  and  the 
relative  abundance  of  the  fragment  ions  were  dependent  on  the  reagent  gas 
used  for  chemical  ionization  (CI)  and  the  matrix  used  in  liquid  secondary  ion 
mass  spectrometry  (LSIMS).  Internal  energy  can  be  added  as  thermal  energy 
into  the  molecules  even  during  fast  heating  in  direct  chemical  ionization  and  it 
can  affect  the  appearance  of  the  tandem  mass  spectra. 

Fragmentation  observed  in  the  high-energy  (HE)  and  low-energy  (LE) 
collision-induced  dissociation  (CID)  spectra  of  ions  formed  by  CI  depends  on  the 
exothermicity  of  the  proton  transfer  reaction  between  the  reagent  ions  and  the 
analyte.    It  was  observed  that  qualitatively,  spectra  are  similar,  but  that  the 
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fragmentation  efficiencies  correlate  with  energy  deposited  by  the  ionization 
technique  for  the  compounds  studied.  Although  it  has  been  claimed  that  relative 
fragment  ion  abundances  in  CID  spectra  are  unaffected  by  internal  energy,  the 
results  of  this  study  contradict  that  claim.  Even  ignoring  fragment  ions  which 
arise  from  low  activation  energy  pathways,  variation  in  relative  abundances  were 
observed  in  HE-  and  LE-CID. 

The  effect  of  matrix  on  matrix-assisted  laser  desorption  ionization  post- 
source  decay  (MALDI-PSD)  spectra  was  investigated  by  comparison  to  LE-  and 
HE-CID  spectra.  For  the  compounds  employed  in  these  studies,  MALDI-PSD 
spectra  are  very  similar  to  LE-CID,  and  structural  information  can  be  derived.  It 
was  found  that  ions  formed  when  a-cyanohydroxycinnamic  acid  (HCCA)  was 
used  as  matrix  generated  more  lower  mass  fragment  ions  than  other  matrices.  It 
is  not  clear,  however,  that  merely  proton  affinity  differences  between  matrix  and 
analyte  are  responsible  for  the  characteristics  of  the  fragmentation.  PSD  spectra 
are  much  less  affected  by  matrix  than  are  LSIMS  spectra  or  even  CI  spectra  with 
different  reagent  gases. 

These  studies  emphasize  the  importance  of  understanding  and  controlling 
different  important  parameters  in  tandem  mass  spectrometry  in  order  to  optimize 
the  information  derived  from  the  tandem  mass  spectrometry  experiments. 
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CHAPTER  1 
INTRODUCTION 

Mass  spectrometry  has  become  one  of  the  most  important  tools  for  the 
analysis  and  identification  of  molecules.  In  a  mass  spectrometer,  ions  are 
formed  with  a  distribution  of  internal  energies;  some  may  be  excited  to  a  degree 
that  they  may  fragment.  The  extent  to  which  fragmentation  takes  place  and  the 
corresponding  reaction  rates  for  the  fragmentation  reactions  are  determined  by 
the  internal  energy  imparted  to  the  ion,  its  structure,  and  the  time  allowed 
between  formation  and  detection. 

The  introduction  of  "soft"  ionization  techniques  has  been  integral  to  the 
success  of  mass  spectrometry.  So  called  "soft"  ionization  techniques  generally 
include  fast  atom  bombardment  (FAB)1  or  liquid  secondary  ion  mass 
spectrometry  (LSIMS)2,  matrix-assisted  laser  desorption  ionization  (MALDI)34, 
electrospray  ionization  (ESI)5  and  chemical  ionization  (CI).6  Since  ions  formed 
by  these  ionization  techniques  typically  do  not  fragment  extensively,  if  at  all,  the 
ion  current  for  a  given  compound  is  generally  concentrated  in  a  single  ion.  This 
provides  molecular  mass  information  and  the  number  of  components  in  a 
particular  mixture.  It  also  improves  the  sensitivity  and  detection  limits  of  mass 
spectrometric  measurements.7  However,  there  is  a  concomitant  disadvantage  to 
the  simplicity  of  mass  spectra  from  these  ionization  techniques.    They  lack 
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structural  information  due  to  the  absence  of  significant  fragmentation.  This 
disadvantage  can  be  overcome  by  the  use  of  ion  activation  methods,  which 
impart  internal  energy  to  these  ions,  thus  promoting  fragmentation  and  yielding 
more  structural  information.  The  most  commonly  used  method  of  excitation  is 
collisional  activation  (CA),  whereby  additional  energy  is  imparted  to  the  ion  by 
collisions  with  neutral  gas  molecules.  The  overall  resulting  fragmentation 
process  is  called  collision-induced  dissociation  (CID).89  Fragmentation  obtained 
by  CA  is  affected  by  both  the  energy  deposited  during  ionization  (the 
precollisional  internal  energy)  and  the  subsequent  energy  deposited  in  the 
collisional  activation  event.  Most  of  the  studies  on  CID  have  been  directed 
towards  the  latter  collisional  activation,  but  a  few  studies  have  been  reported  on 
the  dependence  of  CID  spectra  on  precollisional  internal  energy.10'16  Although 
the  studies  on  the  effect  of  internal  energy  have  been  somewhat  controversial, 
there  is  supporting  evidence10 12  that  a  significant  dependence  of  CID  spectra  on 
precursor  internal  energy  is  only  observed  for  those  reactions  with  lowest  critical 
activation  energies  such  as  reactions  resulting  in  metastable  ions,  which  are 
fragment  ions  that  can  also  be  observed  in  the  absence  of  any  subsequent 
collisional  activation. 

The  goal  of  this  research  work  was  to  understand  the  role  of  internal 
energy  on  CID  spectra,  since  controlling  internal  energy  in  mass  spectrometry  is 
crucial  to  the  optimization  of  the  CID  process  and  the  amount  of  information 
derived  from  it.  This  might  help  to  tailor  the  mass  spectral  features  to  a  particular 
need.  In  this  research,  the  role  of  precollisional  internal  energy  in  CID  spectra 


was  studied.  The  internal  energy  deposited  by  the  ionization  technique  was 
varied  by  changing  reagent  gases  in  CI  and  by  using  different  matrices  in  LSIMS 
and  MALDI.  Also,  comparison  of  different  ionization  techniques  and  CID 
processes  are  addressed  in  particular  sections  of  these  studies. 

Overview  of  the  Dissertation 

This  dissertation  is  divided  into  five  chapters.  The  first  chapter  provides  a 
general  review  of  the  principles  of  tandem  mass  spectrometry,  including  ion 
activation  and  dissociation,  and  internal  energy.  It  also  discusses  briefly  some  of 
the  instruments  associated  with  MS/MS.  Relevant  introductions  and  references 
to  each  chapter  are  included  therein. 

Chapter  two  presents  a  comparison  of  ionization  techniques  and  their 
effect  on  CID  spectra.  MS/MS  spectra  were  obtained  from  precursor  ions 
generated  by  chemical  ionization  (CI),  liquid  secondary  ion  mass  spectrometry 
(LSIMS)  and  electrospray  ionization  (ESI).  The  effect  of  changing  the  reagent 
gas  in  CI  and  the  matrix  in  LSIMS  is  also  shown. 

The  third  chapter  contains  a  more  detailed  study  on  how,  by  varying  the 
reagent  gas  in  CI,  the  internal  energy  of  the  precursor  ion  is  changed.  The  effect 
of  the  internal  energy  on  high-energy  CID  spectra  is  evaluated  for  (M+H)+  ions  of 
pyrrole,  pyrrolidine,  pyridine,  and  piperidine.  Comparison  of  high-  and  low- 
energy  CID  spectra  of  (M+H)+  ions  of  pyrrole  as  a  function  of  reagent  gas  in  CI  is 
also  included  in  this  chapter. 


Chapter  four  provides  the  results  of  comparing  low-  and  high-energy  CID 
spectra  to  post-source  decay  (PSD)  fragmentation  for  some  compounds  of 
biological  interest.  It  also  presents  data  on  the  effect  of  the  matrix  in  PSD 
experiments  as  a  way  to  control  the  internal  energy  of  the  precursor  ion  in 
matrix-assisted  laser  desorption  ionization  (MALDI). 

The  final  chapter  presents  a  summary  of  this  work  and  discusses  some 
future  experiments. 

Tandem  Mass  Spectrometry  or  Mass  Spectrometrv/Mass  Spectrometry  (MS/MS) 

The  basic  concept  behind  tandem  mass  spectrometry  is  the  measurement 
of  mass-to-charge  ratios  of  ions  before  and  after  a  reaction  within  a  mass 
spectrometer7.  Tandem  mass  spectrometry  and  its  implications  and  applications 
have  been  the  subject  of  several  books  and  reviews.7  17  22  MS/MS  is  widely  used 
for  structural  elucidation  of  ions  and  for  the  analysis  of  targeted  compounds  in 
complex  mixtures.7819  A  simple  representation  of  an  MS/MS  experiment  is 
shown  in  Figure  1-1.  Once  ions  are  formed  in  the  ion  source,  at  least  two  stages 
of  mass  analysis  are  considered.  The  first  stage  involves  the  isolation  of  a 
precursor  ion.  The  ion  selected  can  dissociate  on  its  way  to  the  second  stage, 
which  is  used  to  analyze  the  ions  resulting  from  the  dissociation  event.  The 
mass  spectrum  (MS/MS)  obtained  is  presumed  to  be  characteristic  of  the 
structure  of  the  precursor  ion,  which  in  turn  should  allow  one  to  obtain  structural 
information  on  the  neutral  compound  from  which  the  ion  originated. 


Figure  1-1.  Representation  of  the  MS/MS  technique.  Taken  from  reference  17. 
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Ion  Dissociation 
Unimolecular  dissociation 

The  ionization  of  neutrals  results  in  the  formation  of  molecular  (i  e.,  M+ 
ions)  and  "pseudomolecular"  ions  (for  instance,  (M+H)+  or  (M+Na)+  ions)  with  a 
wide  range  of  internal  energies.  As  a  result,  a  certain  fraction  of  the  ions  may 
have  enough  energy  to  dissociate.  Ionization  and  dissociation  are  not 
spontaneous  processes;  rather,  they  occur  within  certain  statistical  time  frames. 

The  theory  of  unimolecular  reactions  has  been  referred  as  quasi- 
equilibrium  theory  (QET)23  and  has  been  the  subject  of  several  books.24"26  The 
fundamental  ideas  of  QET  are:  (1)  for  a  polyatomic  ion,  the  time  required  for 
dissociation  is  long  compared  to  the  time  needed  for  ionization  and  excitation  or 
the  time  for  most  vibrations,  (2)  the  rate  of  dissociation  is  slow  compared  to  the 
rate  of  distribution  of  excess  excitation  energy  over  all  degrees  of  freedom,  (3) 
an  ion  in  a  mass  spectrometer  represents  an  isolated  system  in  the  state  of 
internal  equilibrium  in  which  energy  is  distributed  over  all  degrees  of  freedom 
with  equal  probability,  and  (4)  fragmentation  products  result  from  a  series  of 
competitive  and  consecutive  unimolecular  reactions  starting  with  the  precursor 
ion. 

The  QET  has  been  found  to  be  a  good  approximation  to  describe 
unimolecular  dissociation  but  some  of  these  assumptions  are  restricted  in  their 
applicability.  For  example,  for  very  large  ions  (>  1000  atoms)  assumption  (2) 
probably  does  not  hold.27    Also,  for  some  Fourier  transform  ion  cyclotron 
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resonance  (FTICR)  and  ion  trap  experiments  where  ions  are  excited  by  multiple 
collisions  and  thermal  equilibrium  might  be  approached,  assumption  (3)  is  not 


The  degree  of  competition  between  the  different  dissociation  processes 
available  for  an  ion  can  be  measured7  by  the  rate  constant  (k)  of  the  process  at  a 
given  internal  energy  (£).  Thus,  the  simplest  equation  for  the  rate  constant  of 
any  dissociation  reaction  is  given  by  the  equation: 


where  vis  the  frequency  factor,  E0  is  the  activation  energy  of  the  reaction,  and  s 
is  the  effective  number  of  oscillators  in  the  ion.  The  rate  of  decomposition  is 
related  to  the  probability  of  a  given  vibrational  mode  or  modes  acquiring  enough 
energy  to  rupture  bonds.29 

Dissociation  processes  can  be  recorded  in  a  mass  spectrum  if  they  occur 
within  the  instrumental  time  frame,  since  ion  source  residence  times  can  vary 
with  the  ionization  method  and  the  instrumental  parameters.7  In  sector 
instruments,  using  electron  ionization  (El)  as  the  ionization  method,  ions  that 
dissociate  with  rate  constants  greater  than  106  s1  will  dissociate  prior  to  leaving 
the  ion  source  and  can  be  observed  as  fragment  ions  in  the  mass  spectrum. 
These  are  called  unstable  ions  since  they  rapidly  fall  apart  because  their  internal 
energy  content  is  sufficient  to  overcome  the  activation  energy.  Ions  that 
dissociate  with  rate  constants  less  than  104  s~1  generally  do  not  dissociate  in  the 
time  frame  of  the  mass  spectrometric  experiment  and  are  recorded  as  molecular 
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or  pseudomolecular  ions  in  the  mass  spectrum.  These  are  called  stable  ions  and 
have  low  internal  energy  content  or  high  activation  energies.  There  are  also 
ions  that  react  with  rate  constants  between  104  and  106  s'1.  These  are  called 
metastable  ions  and  can  dissociate  on  their  way  to  the  detector  after  leaving  the 
ion  source.  Metastable  ions  generally  have  lower  average  internal  energies  than 
those  decomposing  in  the  ion  source  and  often  represent  mass  spectral 
reactions  of  lowest  activation  energies  such  as  rearrangements.3031 
Activation  reactions 

Since  the  abundances  of  ions  that  are  metastable  are  very  low,  many 
techniques  have  been  developed  to  activate  and  dissociate  polyatomic  ions. 
The  most  common  method  of  secondary  excitation  is  collisional  activation  (CA). 
In  this  technique  ions  are  activated  by  collisions  with  a  neutral  gas  and  the 
resulting  fragmentation  is  called  collision-induced  or  collisionally  activated 
dissociation  (CID  or  CAD).8,9  This  process  will  be  discussed  in  more  detail  later. 
Ions  can  also  be  activated  by  collisions  with  a  surface.  The  subsequent 
fragmentation  is  called  surface-induced  dissociation  (SID)32,33  and  it  has  shown  to 
deposit  large  amounts  of  internal  energy  (in  excess  of  7eV  for  100  eV  collisions). 
The  internal  energy  distribution  of  ions  excited  by  SID  can  be  controlled  by  the 
translational  energy  of  the  incident  ion,  and  it  is  narrow  compared  to  that 
obtained  by  CA.  Another  method  for  activation  of  polyatomic  ions  is  based  on 
the  absorption  of  photons  during  laser  irradiation.  The  resulting  fragmentation 
process  is  known  as  photo-induced  dissociation  (PID).3435  The  energy  deposited 


by  this  technique  is  very  well  defined  and  can  be  varied  by  changing  the 
wavelength  of  the  light  source.  It  has  been  demonstrated  that  ion  activation  is 
possible  by  using  a  high-flux  electron  beam.36  This  technique,  called  electron 
excitation,  yields  comparable  energy  deposition  to  PID  without  the  need  for 
lasers.  The  most  recently  introduced  type  of  ion  excitation  is  called  electron 
capture-induced  dissociation  (ECID).37"41  In  ECID,  a  keV  beam  of  doubly 
charged  ions  (M2+)  is  collided  with  various  targets  (gas  or  surface),  and,  among 
other  processes,  electron  capture  can  occur  resulting  in  M+  ions.  The  M+  ions 
that  contain  large  internal  energies  will  decompose.  This  process  produces 
increased  fragmentation  due  to  the  increase  in  average  excitation  energy  of  the 
ions.  The  internal  energy  of  the  M+  ion  can  be  controlled  by  selecting  target 
gases  with  different  ionization  energies.  Collisions  with  gases  of  lower  ionization 
energy  result  in  higher  excitation  energies  than  collisions  with  gases  of  higher 
ionization  energies.  The  analytical  applicability  of  this  method  is  very  promising 
since  generation  of  doubly  charged  species  is  possible  with  electrospray  and 
other  new  spray  methods.42 
Collision-Induced  Dissociation 

The  use  of  CID  not  only  increases  the  amount  of  fragmentation,  and 
therefore,  the  structural  information,  but  also  filters  out  matrix  ion  contribution 
when  the  proper  analyte  ion  is  selected.43 

Many  reviews  have  been  written  on  CID.44"49  It  is  not  the  objective  here  to 
discuss  the  many  details  of  this  technique,  which  has  proven  to  be  a  very 
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powerful  method  to  provide  structural  information.  CID  allows  ions  of  a  particular 
mass  to  be  selected  by  a  first  stage  of  mass  analysis  and  transmitted  into  a 
collision  gas  cell  where  ions  undergo  collisional  activation.  Collisions  increase 
the  internal  energy  of  the  ion  and  stimulate  dissociation.  The  resultant  product 
ion  spectrum  is  observed  by  a  second  stage  of  mass  analysis. 

For  a  polyatomic  ion,  the  overall  CID  mechanism  is  accepted  to  proceed 
in  two  steps  of  different  time  scales.45  The  first  step  is  a  fast  collision  activation 
process  (1015  -  10"14  s)  in  which  translational  energy  of  the  precursor  ion  is 
converted  into  internal  energy  of  the  ion  and  target  molecule.  The  second  step 
is  unimolecular  dissociation  of  the  excited  ion.  These  processes  are  represented 
in  equations  1-2  and  1-3. 

Mp++N^>Mp+'  +N'  (1-2) 
Mp+'^Ma  +  +Mb  (1-3) 

where  M*  and  N  are,  respectively,  the  precursor  ion  and  the  collision  gas 
species  before  collision,  and  M*'  and  N'  are  the  activated  precursor  ion  and  the 
collision  gas  after  collisions,  respectively.  M*  and  M„  are  the  dissociation 
products  of  M*' . 

In  CID,  a  fraction  of  the  kinetic  energy  of  the  precursor  ion  is  converted 
into  internal  energy  by  collisions  with  a  neutral  gas.  Collisions  between  an  ion 
and  a  neutral  gas  are  easily  explained  in  the  center-of-mass  (COM)  coordinate 
system.  A  very  detailed  explanation  of  this  coordinate  system  is  included  in 
several  publications  and  will  not  be  covered  here.45,48,49 
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The  maximum  collision  energy  (E^)  that  can  be  converted  into  internal 
energy  (  EC0M)  in  a  single  collision  is  given  by  the  equation: 


^COM  ~  ^  LAB 


mtarget 
V  mion  +  m  target  ) 


(1-4) 


where  mtarget  is  the  mass  of  the  neutral  collision  gas  used  as  target,  is  the 
mass  of  the  incoming  ion  and  EMS  is  the  kinetic  energy  of  the  precursor  ion  in  the 
laboratory  frame  of  reference.  As  expected,  the  choice  of  collision  gas5051 ,  its 
pressure52  54,  the  ion  kinetic  energy10,  and  the  angle  at  which  scattered  products 
are  collected45  all  affect  the  internal  energy  deposited  in  the  collected  ion  by  CID. 

Collisional  activation  can  be  carried  in  two  collision  energy  regimes,  the 
keV  regime  (high-energy  CID)  and  the  eV  range  (low-energy  CID).  Collisions  in 
the  keV  range  are  accessible  on  sector  instruments,  time-of-flight,  and  some 
hybrid  mass  spectrometers.  High-energy  (HE)  CID  spectra  (>1keV  collision 
energy)  are  usually  the  result  of  single  collisions  between  the  precursor  ion  and 
an  inert  gas.  Internal  energy  deposition  in  this  energy  range  does  not  depend 
significantly  on  collision  energy.  The  average  internal  energy  deposited  in  HE- 
CID  ranges  from  1-3  eV  although  the  distribution  is  wide  and  is  characterized  by 
a  high  energy  tail  (10-20  eV)54  which  allows  large  energy  transfers  of  low 
probability  to  occur.  This  is  reflected  in  the  low  abundance  of  product  ions  (~1% 
yield)  and  in  the  observation  of  a  broader  range  of  fragmentation  pathways  of 
high  critical  energy  such  as  charge-remote  fragmentation.55   At  several  keV 
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collision  energy,  the  interaction  time  between  a  small  ion  of  some  hundreds  of 
daltons  and  a  target  gas  is  in  the  order  of  1016  to  10'15  s.  This  is  too  short  to  be 
accompanied  by  a  vibration  (typically  10"14  sec),  but  is  about  the  time  of  an 
electronic  excitation.  Thus,  collisions  at  keV  are  expected  to  result  in  excitation 
of  internal  electronic  modes.45  Evidence  that  electronic  excitation  dominates  in 
HE-CID  is  given  for  the  highly  endothermic  charge  permutation  and  charge 
stripping  reactions  that  are  observed  in  HE-CID  and  that  require  electronic 
excitation.1718  On  the  other  hand,  the  fact  that  high  mass  ions  undergo  CA  and 
dissociate  is  evidence  that  vibrational  excitation  also  plays  an  important  role  in 
the  dissociation  of  polyatomic  ions  at  keV.48 

The  most  common  collision  gas  used  in  HE-CID  is  helium.  Its  high 
ionization  energy  (~  24  eV)  minimizes  charge  transfer  to  the  target,  its  small 
diameter  and  low  mass  reduce  significant  scattering  losses.  Furthermore, 
helium  has  a  high  cross  section  which  enhances  the  electronic  excitation 
believed  to  operate  at  high  energies.56  It  has  been  demonstrated  that  the 
pressure  of  the  collision  gas  required  for  50%  attenuation  of  the  ion  beam 
decreases  with  changing  the  collision  gas  from  helium  to  xenon,  on  HE-CID 
spectra  of  substance  P  and  glycol.50  More  recent  studies  on  HE-CID  of 
peptides43  showed  significant  reduction  or  complete  disappearance  of  specific 
side  chain  fragmentation  (dn)  wn,  and  vn  type  ions)  in  CID  spectra  when  helium 
was  used  as  the  collision  gas  rather  than  argon.  The  same  studies  revealed  that 
argon  was  more  effective  in  promoting  fragmentation  as  the  molecular  weight  of 
the  peptide  increased. 
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CID  in  the  low  energy  regime  (<  100  eV)  is  carried  out  in  multipole 
instruments,  Fourier  transform  ion  cyclotron  resonance,  quadrupole  ion  trap,  and 
some  hybrid  mass  spectrometers.  LE-CID  spectra  are  typically  the  result  of 
multiple  collisions  and  therefore,  multistep  cleavage  reactions  are  predominant.57 

The  internal  energy  deposited  during  low  energy  collisions  can  be  very 
sensitive  to  changes  in  collision  energy  or  collision  gas  pressure.58"64  The 
average  internal  energy  is  estimated  to  be  between  1  and  10  eV.64  The 
distribution  of  internal  energies  is  much  narrower  than  in  HE-CID,  which  implies 
that  precursor  ions  are  often  almost  absent  or  have  very  low  abundance  and  that 
fragmentation  processes  with  large  critical  energies  are  not  frequently  observed. 

Low-energy  collisions  do  not  result  in  efficient  transfer  of  energy  to 
electronic  modes  since  the  typical  interaction  time  is  in  the  order  of  10"13  s  (longer 
than  the  period  of  an  electronic  excitation,  but  comparable  to  the  time  of 
vibrational  excitation).  On  the  other  hand,  electronic  excitation  can  not  be  ruled 
out,  since  several  LE-CID  studies  have  shown  that  some  fragmentation  reactions 
are  the  result  of  significant  contribution  from  electronic  excitation.65"67 

In  LE-CID,  larger  fractions  of  the  maximum  available  kinetic  energy  (EC0M) 
can  be  converted  into  internal  energy  of  the  ion.68  The  efficiency  of  LE-CID 
processes  can  be  affected  by  proton  or  electron  transfer  reactions  from  the  ion  to 
the  collision  gas.7  Since  these  reactions  compete  with  CID,  it  is  helpful  to  use 
target  gases  with  high  ionization  energies  and  low  proton  affinities  to  minimize 
these  contributions.  Heavy  targets  are  preferred  over  light  targets  because  they 
deposit  more  internal  energy.69"71    A  compromise  between  target  mass  and 


14 

ionization  energy  is  made  to  obtain  high  energy  transfer  without  a  decrease  in 
the  fragmentation  efficiency;  therefore,  argon  and  nitrogen  are  usually  employed 
in  LE-CID. 

Many  studies  have  been  published  comparing  low-  and  high-energy 
QIP  72-78  collisions  occurring  in  these  two  energy  regimes  often  lead  to  different 
fragmentation  pathways,  which  provide  complementary  structural  information. 
High-energy  CID  spectra  seem  to  be  more  reproducible  from  instrument  to 
instrument  than  LE-CID  where  product  ion  spectra  vary  more  with  collision 
energy  and  target  gas  pressure.60  76 
Instrumentation 

The  growth  of  MS/MS  as  a  powerful  analytical  technique  was  based  on 
the  development  of  new  instruments  in  which  two  or  more  mass  analyzers  are 
used  in  sequence  for  separation  and  identification  of  compounds.22 

Tandem  mass  spectrometry  involves  at  least  two  different  stages  of  mass 
analysis.  The  instruments  associated  with  this  technique  can  be  classified  as 
tandem-in-space  and  tandem-in-time  instruments.  In  tandem-in-space  mass 
spectrometers,  ionization,  selection,  excitation  and  analysis  are  done  in  separate 
regions  of  the  spectrometer.  Sequential  arrangements  of  mass  analyzers  such 
as  magnetic  sectors  (B),  electric  sectors(E),  quadruples  (Q)  and  time-of-flight 
(TOF)  mass  analyzers  characterize  tandem-in-space  instruments.  In  tandem-in- 
time  instruments,  all  these  events  occur  sequentially  in  the  same  physical  space, 
but  they  are  separated  in  time  from  one  another.  Tandem-in-time  instruments 
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are  exemplified  by  ion  traps  and  Fourier  transform  (FT)  ion  cyclotron  resonance 
(ICR)  mass  spectrometers. 

Early  CID  studies  were  carried  out  on  sector  instruments  where  ions  are 
dissociated  at  keV  energies.  Double-focusing  mass  spectrometers  (BE  or  EB 
configuration)  in  which  an  electrostatic  analyzer,  used  for  energy  focusing,  is 
coupled  to  a  magnetic  sector  for  directional  focusing  of  an  ion  beam  were 
especially  used  for  this  purposes.  Either  the  magnetic  and  the  electric  fields  can 
be  scanned  simultaneously  such  that  B/E  remains  constant  throughout  the 
scan79,  or  E  can  be  scanned  with  B  constant  in  an  instrument  of  reverse 
geometry  (BE).80  Neither  of  these  techniques  gives  good  resolving  power  for 
both  precursor  and  product  ions.  The  introduction  of  tandem  double  focussing 
mass  spectrometers  provided  an  alternative  to  overcome  such  limitations.  Thus, 
four-sector  mass  spectrometers  of  EBEB81  and  BEEB82  configuration  provided 
high-resolution  precursor  ion  selection,  which  eliminates  isobaric  interferences 
and  allowed  study  of  two  or  more  sequential  fragmentation  steps.83  High-  and 
low-energy  CID  can  be  obtained  in  these  types  of  instruments  by  deceleration  of 
the  ion  beam. 

Studies  by  Yost  and  Enke84  demonstrated  that  efficient  dissociation  of 
ions  could  be  obtained  at  low  collision  energies  (10-100eV)  when  several 
quadruples  are  coupled.  They  introduced  triple  quadrupole  mass 
spectrometers  for  CID  experiments,  which,  nowadays,  are  the  most  widely  used 
tandem  mass  spectrometers.  Unit  mass  resolution  is  obtained  for  precursor  and 
product  ions  because  the  mass  resolution  of  the  quadrupole  is  essentially 
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unaffected  by  changes  in  ion  kinetic  energy.  These  instruments  are  simple  to 
use,  cost  much  less  than  tandem  sector  instruments,  and  LE-CID  experiments 
can  be  performed  in  the  rf-only  quadrupole  (q)  or  octopole  (o)  collision  cell 
located  between  two  quadrupole  mass  filters. 

Other  instruments  used  in  MS/MS  experiments  combined  the 
characteristics  of  double-focussing  mass  spectrometers  (BE  and  EB  geometry) 
with  quadruples.85"87  These  hybrid  mass  spectrometers  (e.g.,  the  Finnigan 
MAT95Q  ,  BEoQ  instrument  used  in  these  studies)  were  less  complex  and  more 
affordable  than  four-sector  instruments.  They  provided  high  resolution  selection 
of  the  precursor  ion  and  unit  mass  resolution  for  the  product  ions,  as  well  as 
unique  capabilities  for  CID  analysis  using  high-  and  low-kinetic  energy  precursor 
ions.88  Tandem-in-time  instruments  are  based  on  ion-trapping  devices.8990 
These  devices  allow  the  selection  of  a  particular  ion  by  ejection  of  all  others. 
The  selected  ion  can  be  excited  and  fragmented  during  a  time  period,  after 
which  a  fragment  ion  mass  spectrum  can  be  obtained.  Since  this  process  can 
be  repeated  several  times  (MSn),  as  far  as  there  are  ions  to  be  selected,  these 
are  considered  the  most  promising  instruments  for  MS/MS.19  FTICR  instruments 
present  the  additional  advantage  of  simultaneous  measurements  of  a  broad  m/z 
range  of  ions,  which  allows  sensitive  measurement  of  trace  amounts  of 
material.91 

A  review  of  combined  analyzer  technology  has  been  published  recently 
and  includes  tables  with  different  analyzer  configurations  and  pertinent 
references.92  At  present,  hybrid  instruments  that  combine  time-of-flight  and  ion 
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traps  with  other  analyzers  are  expected  to  replace  the  sector-quadrupole 
instruments  that  were  very  popular  in  the  80s  since  they  are  cheaper  and  wider 
mass  ranges  are  possible.93  Thus,  different  configurations  such  as  quadrupole 
and  time-of  flight  (qTOF)94,  double-focussing  sector  instruments  with  ion  traps95 
and  sector  instruments  coupled  with  time-of-flights  (EBE-TOF)  are  now 
commercially  available  and  are  expected  to  be  key  in  high-mass  analysis.96,97 

Internal  Energy  and  Mass  Spectrometry 

The  appearance  of  a  mass  spectrum  is  a  reflection  of  the  internal  energy 
content  of  the  ion.  Thus,  internal  energy  controls  the  available  fragmentation 
channels  and  the  reaction  rates  as  indicated  by  equation  1-1.  Ions  with  low 
internal  energies  will  not  fragment  or  will  form  very  few  fragments  of  low 
abundances.  High-energy  ions,  on  the  other  hand,  will  produce  a  wide  variety  of 
intense  fragment  ions.  The  internal  energy  of  an  ion  is  not  a  single  value, 
instead,  it  is  characterized  by  a  distribution  of  internal  energies. 

Ion  internal  energy  is  governed  by  three  factors98  :  (1)  the  internal  energy 
of  the  molecule  before  ionization,  (2)  the  energy  gained  during  ionization,  and  (3) 
the  environment  of  the  ion.  Therefore,  the  mass  spectral  pattern  is  expected  to 
vary  with  changes  in  the  temperature  of  the  source,  the  ionization  technique,  and 
the  conditions  under  which  reactions  might  occur  after  ionization.99  In  the 
absence  of  collisions,  the  internal  energy  of  an  ion  derives  from  the  thermal 
energy  originally  in  the  precursor  molecule  and  the  energy  deposited  during  the 
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ionization  process.  A  schematic  representation  of  the  energy  terms  related  to 
ionization  and  dissociation  of  polyatomic  molecules  is  shown  in  Figure  1-2. 100 

For  small  molecules  (less  than  500  Da)  the  contribution  from  thermal 
energy  to  internal  energy  is  typically  much  lower  than  the  energy  deposited  by 
the  ionization  technique  and  is  usually  neglected.27  In  contrast,  thermal  energy  is 
very  important  in  large  molecules,  where  it  can  exceed  the  energy  deposited  by 
the  ionization  technique  at  typical  mass  spectrometric  temperatures.101  For 
thermally  labile  molecules,  molecular  and  pseudomolecular  ions  can  be  detected 
if  the  internal  energy  of  the  molecule  is  kept  low.  This  is  possible  by  performing 
the  analysis  at  low  temperatures  and  under  soft  ionization  conditions. 

Different  ionization  techniques  allow  conversion  of  compounds  into 
measurable  ions  that  reflect  the  original  molecule.  Ionization  techniques  are 
classified  depending  on  the  amount  of  internal  energy  resulting  from  them  as 
"hard"  or  "soft"  ionization  methods.  "Hard"  ionization  methods  produce  a 
substantial  proportion  of  ionized  molecules  with  such  high  internal  energies  that 
they  fragment  before  leaving  the  source.  A  typical  example  is  70  eV  electron 
ionization  (El),  in  which  ions  are  produced  by  electron  bombardment  at  low 
pressure  conditions  (105— 10"6  Torr)  so  that  ions  do  not  collide  with  other 
molecules  before  extraction.  Therefore,  any  excess  energy  provided  during 
ionization  leads  to  ion  fragmentation.  El  is  very  convenient  for  structural 
interpretation.  "Soft"  ionization  methods,  on  the  other  hand,  minimize  further 
fragmentation  since  the  average  internal  energy  deposited  is  low  and  are  useful 
for  characterization  of  complex  mixtures.  Soft  ionization  techniques  such  as 
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Figure  1-2.  Schematic  representation  of  the  energy  terms  related  to  ionization 
and  dissociation  of  polyatomic  molecule.  Iz,  ionization  energy  of  molecule  P;  E^, 
thermal  energy  of  molecule  prior  to  ionization;  E^,  energy  transferred  to  P  during 
ionization;  E,  resulting  internal  energy  in  the  ion;  q1f  reaction  coordinate  for  P+-> 
A+  +  B;  6act,  activation  energy  (E0)  for  P+->  A+  +  B;  eract,  activation  energy  for  the 
reverse  reaction  A+  +  B  ->  P+;  AH0°,  AH298°,  standard  enthalpy  change  for  the 
dissociation  P  ->  A+  +  B  at  0  K  and  298  K,  respectively;  D0  =  AH0  °,  standard 
enthalpy  change  for  the  dissociation  P  ->  A  +  B;  lz(A),  ionization  energy  of  the 
fragment  A.  Only  two  of  the  many  vibrational  degrees  of  freedom  of  P,  P+,  P+t, 
and  A+  are  represented.  The  level  (a)  represents  the  energy  of  the  dissociated 
neutral  system,  A  +  B,  with  the  species  in  the  ground  states.  Adapted  from 
reference  100. 
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chemical  ionization  (CI)  and  atmospheric  pressure  chemical  ionization  (APCI) 
produce  ions  by  ion-molecule  reactions  under  high  gas  pressure  conditions. 
Under  these  conditions,  the  mean  free  path  of  the  ions  is  short  because  of 
collisions  with  the  large  excess  of  reagent  gas  molecules  before  they  are  mass 
analyzed.  Since  any  excess  energy  gained  during  ionization  can  be  lost  by 
collisions  with  excess  neutral  gas,  there  is  little  energy  available  for 
fragmentation  and  the  ions  are  said  to  be  collisionally  equilibrated.98  In  El  and 
CI,  gas-phase  ions  are  formed  from  gas-phase  neutral  species.  The  formation  of 
gas-phase  ions  from  condensed  phase  neutral  species  (i.  e.,  solids  or  liquids) 
occurs  in  the  so-called  desorption  ionization  (Dl)  or  nebulization  ionization  (Nl) 
methods.  Dl  methods  include  fast  atom  bombardment  (FAB),  liquid  secondary 
ion  mass  spectrometry  (LSIMS),  field  desorption  (FD),  plasma  desorption  (PD), 
laser  desorption  (LD)  and  matrix-assisted  laser  desorption  ionization  (MALDI); 
while  Nl  methods  include  thermospray  (TSI)  and  electrospray  (ESI).  Samples  in 
condensed  phases  at  room  temperature  have  little  internal  energy  and  the 
ionization  process  typically  imparts  little  excess  internal  energy  so  that 
fragmentation  of  precursor  ion  is  reduced.  In  LSIMS  and  FAB,  samples  are 
embeded  in  a  liquid  matrix  and  deposited  on  a  surface  where  gas-phase  ions  are 
produced  by  bombarding  the  surface  with  high  energy  particles.  The  names  of 
these  techniques  are  derived  from  the  fact  that  some  particle  beams  are  formed 
of  ions  (Ar+,  Xe+,  Cs+)  or  neutral  atoms  (Ar,  Xe)  with  energies  of  5-10  keV.  Ions 
produced  by  these  techniques  have  a  wide  range  of  energies  so  that  a  great 
range  of  fragment  ions  as  well  as  molecular  ions  are  formed.102  Heavy 
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molecules  can  be  ionized  by  using  MeV  ions  generated  from  spontaneous  fission 
events  occurring  in  a  sample  of  californium-252103  or  by  using  tandem 
accelerators.104  This  technique  is  known  as  plasma  desorption  (PD)  and  has 
been  used  to  analyze  bigger  molecules  than  in  LSIMS  and  FAB  due  to  much 
more  energetic  primary  beam  particles.  Gas-phase  ions  can  also  be  produced 
by  bombardment  of  solid  samples  with  photons  generated  by  laser  sources  (LD). 
Since  power  densities  in  excess  of  106  W/cm2  are  needed,  thermal  damage  and 
excessive  fragmentation  are  very  critical  when  analyzing  large  molecules  (>1000 
Da).105  Matrix-assisted  laser  desorption  ionization  (MALDI)  is  used  to  overcome 
this  mass  range  limitation.  In  MALDI,  the  energy  is  not  directly  transfered  to  the 
sample;  rather,  it  is  initially  deposited  into  an  absorbing  matrix  and  is  transfered 
to  the  analyte,  which  ionizes  into  the  gas  phase  by  a  mechanism  not  well 
understood.  Thus,  non-volatile  and  thermally  labile  compounds  are  gently 
ionized.  Other  ionization  techniques  such  as  Fl  and  FD  involve  the  application  of 
strong  electrostatic  fields.106  In  Fl,  a  compound  in  the  gas  phase  is  ionized  near 
or  at  the  surface  of  an  electrode  emitter.  In  FD,  the  sample  is  deposited  on  the 
emitter.  Ionization  in  these  techniques  is  the  result  of  tunneling  of  an  electron 
from  the  sample  into  the  emitter  so  that  the  energy  required  for  desorption  of  the 
ion  is  less  than  the  required  for  evaporation  of  a  neutral  molecule.  In  Fl,  mostly 
M+  and  (M+H)+  ions  are  observed,  which  indicates  a  gas-phase  process.  In  FD, 
it  is  very  common  to  observe  cationized  species  (e  g.,  (M+Na)+)  and  (M+H)+  ions 
if  the  sample  is  an  electrolyte  or  contains  salts.  This  process  is  even  less 
energetic  than  Fl  since  the  extraction  of  preformed  ions  requires  a  weaker  field 
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than  is  required  for  electron  tunneling.  Ions  can  also  be  formed  by  nebulization 
ionization  (Nl)  techniques  such  as  electrospray  and  thermospray,  which  involve  a 
combination  of  solvent  evaporation  and  low-energy  collision  processes.  In  TSI107 
the  liquid  effluent  from  a  LC  or  a  syringe  pump  (containing  analytes  and  an 
electrolyte)  is  vaporized  by  applying  heat.  The  superheated  mist  carries  droplets 
containing  the  non-volatile  molecules.  Typically,  the  solution  contains 
ammonium  acetate  so  that  droplets  contain  a  net  excess  of  NH4+  and  some 
CH3COO~.  The  excess  solvent  is  removed  by  rapid  pumping  and  charged 
species,  mostly  (M+H)+  and  (M+NH4)+  in  positive  ion  mode,  are  formed.  In 
electrospray5108  ionization  occurs  at  ambient  temperature  and  atmospheric 
pressure.  The  compounds  are  dissolved  in  aqueous  solution  and  the  solution  is 
passed  through  a  capillary  tube  at  a  high  electric  potential  (few  thousand  volts). 
The  emerging  liquid  is  mist  of  charged  droplets,  from  which  solvent  is  removed 
by  a  flow  of  dry  gas.  Charge  accumulates  as  a  result  of  decreasing  droplet  size. 
For  molecules  with  several  basic  sites,  evaporation  produces  multiple  charged 
ions.  These  nebulization  ionization  techniques  produce  ions  with  little  excess 
internal  energy. 


CHAPTER  2 

PRELIMINARY  STUDIES  OF  INTERNAL  ENERGY  EFFECTS  ON  LOW- 
AND  HIGH-ENERGY  COLLISION-INDUCED  DISSOCIATION:  THE  EFFECT  OF 

THE  IONIZATION  TECHNIQUE 

Introduction 

Tandem  mass  spectrometry  is  considered  a  standard  method  for  structure 
elucidation  of  organic  compounds,  especially  when  the  primary  ionization 
process  does  not  introduce  sufficient  energy  for  fragmentation.  Ions  formed  in 
the  ion  source  can  undergo  fragmentation  promoted  by  the  internal  energy 
deposited  during  the  ionization  process  itself  or  by  some  other  means  of 
excitation  such  as  collisional  activation. 

Collision-induced  dissociation  (CID)  experiments  are  commonly  carried 
out  in  two  energy  regimes,  high-energy  (HE)  and  low-energy  (LE).  Spectra 
obtained  by  HE  CID,  in  the  keV  range,  are  usually  the  result  of  single  collisions 
between  the  precursor  ion  and  the  target  gas.  In  contrast,  LE  CID  (less  than  100 
eV)  spectra  are  typically  the  result  of  multiple  collisions  and  multistep  cleavage 
reactions.57  Although  CID  spectra  obtained  under  the  two  energy  regimes  often 
show  similarities,  differences  due  to  the  amount  of  internal  energy  deposited  in 
the  ions  during  the  collision  processes  are  observed.64  Thus,  HE  CID  often 
results  in  a  broader  range  of  fragmentation  pathways,  some  of  which  are  not 
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observed  in  LE  CID.  Nevertheless,  the  complementary  value  of  both  techniques 
in  structure  elucidation  has  been  documented.72 

The  effect  of  the  ionization  technique  on  tandem  mass  spectrometry  has 
not  been  extensively  studied.  Curtis  and  coworkers109  reported  important 
differences  and  similarities  in  the  four-sector  (HE-CID)  spectra  of  valinomycin 
ions  formed  by  different  ionization  techniques.  Large  differences  were  observed 
between  fast  atom  bombardment  (FAB)  and  field  desorption  (FD)  tandem  mass 
spectra  of  (M+Na)+  ions  and  between  FD  and  electron  ionization  (El)  tandem 
mass  spectra  of  M+  ions  of  valinomycin.  They  also  showed  that  (M+H)+  ions  of 
valinomycin  formed  by  electrospray,  FAB  and  methane  CI  gave  very  similar 
tandem  mass  spectra.  Differences  in  the  spectra  were  attributed  to  the  formation 
of  isobaric  ions  with  different  structures.  Similarities  in  the  spectra,  on  the  other 
hand,  were  considered  evidence  of  a  common  ion  structure  (or  a  similar  mixture 
of  structures)  and  sufficient  excitation  by  the  activation  method  to  overcome  any 
differences  in  internal  energies.  In  a  subsequent  paper,  the  same  group110 
compared  the  four-sector  FAB  tandem  mass  spectra  of  (M+H)+  and  (M+Na)+  ions 
of  valinomycin,  reported  in  the  previous  paper,  with  FAB  tandem  mass  spectra 
taken  on  a  triple  quadrupole  mass  spectrometer  via  LE  CID.  They  concluded 
that  CID  spectra  of  (M+H)+  ions  show  similar  fragments  under  a  range  of  different 
collision  and  ionization  conditions  although  the  intensities  are  different.  For 
(M+Na)+  ions,  however,  the  fragments  were  not  the  same  and  did  not  resemble 
the  FD  tandem  mass  spectra  either.  It  was  concluded  that  for  the  later  case,  the 
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utility  of  tandem  mass  spectrometry  for  structural  identification  might  be 
determined  by  the  differences  in  structures  formed  on  ionization. 

Some  studies  have  shown  the  effect  of  electrospray  conditions  on  low- 
energy  CID  of  peptide  ions  with  molecular  weights  less  than  1200  Da.  By 
changing  the  source-skimmer  potential,  the  degree  of  acceleration  of  the  ions 
through  the  skimmer  was  found  to  influence  the  fragmentation  observed  in 
tandem  mass  spectrometry.111  More  extensive  fragmentation  was  observed  at 
higher  skimmer  potentials,  and  it  was  possible  to  obtain  comparable  spectra 
using  different  combinations  of  skimmer  potential  and  collision  energies. 

The  effect  on  fragmentation  of  the  amount  and  distribution  of  internal 
energy  deposited  during  ionization  has  been  recently  reported.16  Tandem  mass 
spectra  from  M+  ions  of  Irganox  1076,  an  organic  polymer  additive,  were 
compared  in  a  four-sector  mass  spectrometer  of  reverse  geometry  (BEBE),  since 
these  ions  could  be  produced  in  very  high  yields  by  El,  CI,  LSIMS  and  FD. 
Although  all  the  techniques  produced  the  same  product  ions,  the  authors 
concluded  that  the  variation  in  relative  abundance  of  various  product  ions  could 
be  used  as  qualitative  estimate  of  differences  in  internal  energy  of  the  precursor 
ion  resulting  from  the  use  of  different  ionization  techniques. 

In  this  chapter,  data  from  preliminary  investigations  of  the  effect  of  internal 
energy  on  the  CID  spectra  obtained  in  high-  and  low-energy  regimes  of  ions 
formed  by  different  ionization  techniques  are  presented. 
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Experimental 

Sample  Preparation 

Isovalerylcarnitine  was  provided  as  a  3  mM  (about  0.85  ug  /  uL)  solution 
in  a  1:1  methanol/chloroform  mixture  by  Dr.  Peggy  R.  Borum  from  the 
Department  of  Food  Science  and  Human  Nutrition  of  the  University  of  Florida. 
Leucine  enkephalin  was  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO) 
and  a  1  ug  /  uL  solution  was  prepared  in  methanol. 
Mass  Spectrometry 

Low-energy  collision-induced  dissociation 

Samples  were  introduced  into  the  ion  source  by  a  direct  exposure  probe 
(DEP),  which  consists  of  a  rhenium  wire  with  a  small  loop  for  depositing  samples 
that  is  heated  by  passing  a  current  through  it.  One  microliter  of  the  sample 
solution  was  deposited  on  the  wire  and  evaporated  to  dryness.  The  probe  was 
inserted  into  the  mass  spectrometer  and  heated  from  25  to  450  °C  at  200  °C/min. 
The  source  temperature  was  150  °C.  Methane  (The  BOC  Group  Inc.,  Murray 
Hill,  NJ),  ammonia  (Matheson  Gas  Products,  East  Rutherford,  NJ)  and  water 
(MilliQ-purified)  were  used  as  reagent  gases  for  chemical  ionization  (CI).  CI  was 
performed  at  a  gas  pressure  of  1.5  torr.  For  water  DCI  experiments,  a  water 
reservoir  was  connected  to  a  variable  leak  valve  (Granville  Phillips,  Boulder, 
CO).  Water  vapor  was  introduced  into  the  mass  spectrometer  via  this  variable 
leak  valve  that  was  connected  to  the  gas  chromatograph  transfer  line.  An  ice 
bath  was  used  to  cool  the  water  reservoir  and  avoid  boiling.  LE-CID  experiments 
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were  performed  on  a  Finnigan  TSQ  70  triple  quadrupole  mass  spectrometer 
(Finnigan,  San  Jose,  CA).  Argon  was  introduced  in  the  octopole  collision  cell 
until  a  pressure  of  one  millitorr  was  measured  by  a  Pirani  gauge.  The  collision 
energy  was  varied  from  5  to  60  eV  for  leucine  enkephalin  and  from  5  to  45  eV  for 
isovalerylcarnitine.  The  fact  that  precursor  ions  were  absent  beyond  these  upper 
collision  energies  accounted  for  the  different  ranges.  For  water  and  ammonia 
DCI  experiments,  only  20  eV  collision  energy  spectra  were  acquired. 

For  isovalerylcarnitine,  LE-CID  experiments  were  also  performed  on  an 
ion  trap  mass  spectrometer.  Electrospray  ionization  (ESI)  was  performed  on  a 
Finnigan  MAT  LCQ  instrument.  The  sample  was  dissolved  in  a  1:1 
methanol:water  solution  to  a  concentration  of  about  10  pg/^L  and  infused  at  a 
flow  rate  of  0.2  fil_/min  and  a  spray  voltage  of  2  kV.  The  capillary  was  heated  to 
200  °C.  Helium  was  introduced  into  the  trap  not  only  to  improve  trapping 
efficiency,  but  also  as  collision  gas  for  CID.  Collision  energy  was  varied  from  0% 
to  30%  of  the  maximum  available  from  a  5  V  excitation  voltage. 
High-energy  collision-induced  dissociation 

Compounds  were  ionized  by  liquid  secondary  ion  mass  spectrometry 
(LSIMS)  and  by  desorption  chemical  ionization  (DCI).  For  LSIMS  experiments, 
Cs+  ions  with  an  impact  energy  of  15  kV  and  an  emission  current  of  3  uA  were 
used  as  the  ionization  beam.  The  studies  were  performed  at  an  acceleration 
potential  of  5kV.  3-nitrobenzyl  alcohol  (NBA),  a  5:1  mixture  of  dithiothreitol  and 
dithioerythritol  also  known  as  "Magic  Bullet"  in  10%  trifluoroacetic  acid  (TFA) 
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(Aldrich  Chemical  Co.,  Milwaukee,  Wl)  and  glycerol  (Mallinckrodt,  Inc.,  St.  Louis, 
MO)  were  used  as  matrices.  Two  microliters  of  sample  solution  were  deposited 
on  a  standard  LSIMS  probe.  After  solvent  evaporation,  one  microliter  of  matrix 
was  added  on  top  of  the  sample  and  mixed  with  a  glass  stick.  Scans  for  pure 
matrix  were  recorded  so  that  matrix  could  be  subtracted  from  the  sample  scans. 
For  the  DCI  experiments,  1 .5  \x\  of  the  sample  solution  was  deposited  on  the  wire 
of  a  DEP  probe  and  evaporated  to  dryness.  The  probe  was  heated  from  25  to 
700  °C  at  200  °C/min.  CI  was  performed  at  a  source  temperature  of  150  °C. 
Methane,  isobutane  and  ammonia  (Matheson)  were  used  as  reagent  gases.  HE- 
CID  studies  were  performed  on  a  Finnigan  MAT95Q  (BEoQ  configuration)  hybrid 
mass  spectrometer.  Mass-analyzed  ion  kinetic  energy  spectra  (MIKES)  were 
obtained  with  helium  as  target  gas  in  the  second  field-free  region.  The  helium 
pressure  was  adjusted  until  the  precursor  ion  beam  intensity  was  reduced  to  50 
%  of  its  original  value. 

Results  and  Discussion 

Leucine  Enkephalin  (Tyr-Glv-Glv-Phe-Leu) 

The  major  fragmentation  channels  of  (M+H)+  ions  of  leucine  enkephaline 
have  been  previously  reported112  and  are  shown  in  Figure  2-1.  For  convenience, 
the  nomenclature  used  is  that  proposed  by  Roepstorff  and  Fohlman.113 
Desorption  chemical  ionization-MS 

Figure  2-2  shows  the  spectra  of  leucine  enkephalin  obtained  by 
desorption  chemical  ionization  (DCI).  As  can  be  seen,  it  was  possible  to  produce 


29 


+H 


■B4Y3'  205 


H 


Y4"  393 
^2H 


H2N  — C  -  C--N— CH2-  C 


H 


Y3"  336 
+2H 

rjj — ch2 

H 


•A4Y3'  177 


Y2"  279 
+2H 


H 


Y1"  132 
+2H 

H 


C--N— C  --C--N— C— COOH 


H  CH2 


H  CH2 


rn,A^  B1 

l\JJl36  164 


A2  B2 

193  221 


A3  B3  ff^lA4  B4  CH 
250    278       ^  397    425      /  \ 

CH3  UM3 


+H 


+H 


A4Y4'  234. 
B4Y4'  262- 


Figure  2-1.  Fragmentation  pattern  of  (M+H)+  ion  from  leucine-enkephalin,  H-Tyr- 
Gly-Gly-Phe-Leu-OH,  (m/z  556)  adapted  from  reference  112.  The  nomenclature 
used  is  that  proposed  by  Roepstorff  and  Fohlman.113 
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Figure  2-2.  MS  of  leucine  enkephalin  (MW  555)  obtained  by  DCI  with  different 
reagent  gases  on  a  TSQ  70.  A.  Methane,  B.  Water,  C.  Ammonia. 
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(M+H)+  ions  of  leucine  enkephalin  using  a  direct  exposure  probe  on  a  Finnigan 
TSQ  70  mass  spectrometer  with  methane,  water  and  ammonia  used  as  reagent 
gases.  There  are  enough  ions  in  the  DCI  spectra  to  obtain  the  amino  acid 
sequence  of  the  peptide.  Most  of  the  ions  observed  in  the  spectra  originate  from 
cleavages  around  the  amide  bonds.  The  change  of  reagent  gas  from  methane, 
which  produces  a  strong  proton  donor,  [CH5]+,  to  ammonia,  which  produces  a 
much  weaker  proton  donor,  [NH4]+,  intensifies  the  (M+H)+  peak.  Spectra 
obtained  by  methane  and  water  CI  are  almost  identical,  showing  all  the  Y-type 
sequence  ions.  The  base  peak  at  m/z  221  corresponds  to  the  B2  ion,  and  a  peak 
at  m/z  205  corresponds  to  the  B4Y3'  ion  produced  by  internal  cleavage. 

The  methane  DCI  spectra  (Figure  2-2  A)  presents  some  peaks  at  higher 
masses  than  the  (M+H)+  ion.  These  peaks,  at  m/z  584  (M+29)+  and  596 
(M+41)\  result  from  the  addition  of  C2H5+  and  C3H5+  formed  during  the  ionization 
of  methane.  Other  low-abundance  satellite  peaks  are  observed  throughout  the 
methane  DCI  spectrum  and  were  interpreted  as  the  result  of  peptide 
decomposition  under  fast  heating  followed  by  adduction  with  C2H5+  and  C3H5+. 

The  spectrum  obtained  under  ammonia  DCI  is  also  rich  in  Y-type  ions  but 
there  are  also  peaks  such  as  m/z  149,  222,  238  and  410,  which  are  not  present 
in  the  methane  or  isobutane  DCI  spectrum.  The  complexity  of  ammonia  DCI 
spectra  has  been  attributed  to  gas-phase  ammonolysis  of  the  peptide  bonds  at 
the  temperature  of  the  ion  source114  and  to  adducts  of  N-terminal  acylium  ions 
and  unionized  ammonia.115  Thus,  peptide  amides  of  the  form  (H(AA)nNH2  +  H)+ 
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have  been  observed  at  m/z  238,  295  and  442  which  correspond  to  the 
(HTyrGlyNH2+H)+,  (HTyrGlyGlyNH2+H)+  and  (HTyrGlyGlyPheNH2+H)+  ions, 
respectively. 

Chemical  ionization  MS/MS 

Figure  2-3  compares  low-energy  CID  spectra  of  the  (M+H)+  ions  of  leucine 
enkephalin  produced  using  methane,  water  and  ammonia  as  reagent  gases  for 
DCI.  Spectra  were  obtained  in  the  octapole  collision  cell  of  a  triple  quadrupole 
mass  spectrometer  at  20  eV  laboratory  frame  collision  energy.  As  can  be  seen, 
the  product  ions  correspond  to  expected  cleavages  along  the  peptide  backbone. 
The  product  ion  mass  resolution  is  approximately  unit  as  indicated  by  the 
separation  of  the  m/z  278  and  279  ions.  In  all  three  spectra,  immonium  ions 
characteristic  from  phenylalanine  (m/z  120)  and  tyrosine  (m/z  136)  are  observed. 
The  major  fragment  ions  can  be  assigned  to  the  cleavages  shown  in  Figure  2-1. 
The  spectra  in  Figure  2-3  agree  with  the  observation75  that  LE-CID  spectra  are 
characterized  frequently  by  A-  and  B-type  ions  and  ions  derived  from  internal 
cleavages.  The  latter  ions  result  from  multiple  collisions,  which  increase  the 
probability  of  breaking  two  amide  bonds.57  In  the  LE-CID  spectra  (Figure  2-3) 
there  are  more  intense  low-mass  ions  in  the  spectrum  obtained  by  methane  CI 
than  in  the  water  and  ammonia  CI  spectra.  This  is  expected  since  higher  internal 
energies  are  deposited  during  ionization  with  methane  ions  than  by  water  and 
ammonia. 
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Figure  2-3.  LE-CID  spectra  of  (M+H)+  ions  (m/z  556)  from  leucine  enkephalin 
generated  by  DCI  with  different  reagent  gases  in  a  TSQ  70.  A.  Methane,  B. 
Water,  C.  Ammonia.  20eV  laboratory  collision  energy. 
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LSIMS-MS 

The  actual  mechanism  of  ion  formation  in  LSIMS  is  not  well 
understood.116117  What  it  is  known  is  that  the  use  of  a  liquid  matrix  facilitates  the 
production  of  ions  of  a  solute  by  dissipating  energy  deposited  by  the  primary 
beam  and  maintaining  a  constant  supply  of  fresh  analyte  ions.1  Leucine- 
enkephalin  has  been  previously  studied  by  LSIMS  mass  spectrometry  and 
QIQ  70,112,118.119  £S  matrjx  composition  has  a  direct  effect  on  the  internal  energy  of 
secondary  ions,116  it  can  therefore  be  used  to  modify  the  MS/MS  spectra  of  the 
analytes  and  to  optimize  the  information  obtained  from  them. 

Five  matrices  were  used  in  these  experiments:  NBA,  Magic  Bullet/TFA,  2- 
nitrophenyl  octyl  ether  (NPOE),  glycerol  and  a  mixture  glycerol/water  50:50  v/v. 
NPOE  did  not  give  a  satisfactory  signal  and  pure  glycerol  only  gave  a  very  weak 
(M+H)+.  The  other  three  matrices  were  used  throughout  the  experiments  since 
they  produced  strong  (M+H)+  signals.  Figure  2-4  shows  the  spectra  taken  in  all 
three  matrices  after  matrix  ions  were  subtracted  from  each  spectrum.  It  is 
evident  that  these  three  matrices  can  be  used  for  sequencing  the  peptide. 

Immonium  ions  derived  from  the  amino  acids  present  in  the  peptide  are 
observed  in  all  three  matrices  as  indicated  by  m/z  30,  86,  120  and  136.  These 
ions  are  representative  of  glycine,  leucine  or  isoleucine,  phenylalanine  and 
tyrosine,  respectively.  The  signal  observed  at  m/z  91  is  also  a  good  indicative  of 
the  presence  of  phenylalanine  and  tyrosine. 
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Figure  2-4.  MS  of  leucine  enkephalin  (MW  555)  obtained  by  LSIMS  with 
different  matrices.  A.  Magic  Bullet/TFA,  B.  NBA,  C.  Glycerol:water  50:50,  v/v. 
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Spectra  obtained  in  magic  bullet/TFA  presents  some  strong  signals  at 
masses  higher  than  the  (M+H)+  ion.  These  adducts  were  identified  by  high- 
resolution  mass  spectrometry  as  (M+Na)+  for  m/z  578  and  (M+K)+  for  m/z  594. 
These  adducts  are  almost  non  existent  in  the  other  two  matrices  (~  1%),  which 
agrees  with  previous  observations  that  NBA  has  low  affinity  for  cations  and  that 
the  more  polar  the  matrix,  the  higher  the  probability  for  cation  attachment.120  It  is 
evident  that  (M+H)+  ions  are  formed  with  different  internal  energies  when 
different  matrices  are  used.  More  intense  low-mass  ions  are  observed  in 
glycerol  than  in  NBA,  which  indicates  that  (M+H)+ formed  in  glycerol  have  higher 
internal  energies  than  those  formed  in  NBA.  Precursor  ions  formed  in  Magic 
Bullet  seem  to  have  intermediate  internal  energies.  This  agrees  with  previous 
reports  where  glycerol  was  shown  to  produce  extensive  fragmentation  of 
peptides.116 
LSIMS  MS/MS 

Collision-induced  dissociation  experiments  for  leucine  enkephalin  (M+H)+ 
ions  generated  by  LSIMS  were  performed  at  a  collision  energy  of  5  keV.  For 
these  experiments,  the  magnetic  sector  was  adjusted  to  mass  select  the  (M+H)+ 
ions,  which  were  then  directed  into  the  second  field-free  region  of  the  instrument 
where  collision-induced  dissociation  occurs  upon  collisions  with  helium.  The 
product  ion  spectra  were  then  obtained  by  scanning  the  electric  sector  voltage. 
This  technique  is  known  as  mass-analyzed  ion  kinetic  energy  spectrometry 
(MIKES). 
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Figure  2-5.  HE-CID  spectra  of  (M+H)+  ions  from  leucine  enkephalin  (m/z  556) 
generated  by  LSIMS  with  different  matrices.  A.  Magic  bullet/TFA,  B.  NBA,  C. 
Glycerol:water,  50:50,  v:v.  5  keV  collision  energy. 
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Figure  2-5  shows  MIKE  spectra  of  (M+H)+  ions  from  leucine  enkephalin  in 
Magic  Bullet/TFA,  NBA  and  glycerol/water  50:50  v/v.  The  spectra  were  acquired 
at  50%  attenuation  of  the  precursor  ion  beam  with  helium.  Notice  that  the 
efficiency  of  the  CID  process  is  extremely  low,  the  remaining  precursor  ion  is  off- 
scale  by  a  factor  of  approximately  90.  Peaks  are  also  very  wide  and  it  is  not 
possible  to  separate  the  m/z  278/279  doublet;  this  poor  product  ion  resolution 
arises  from  partition  of  the  internal  energy  of  the  precursor  ion  into  translational 
energy  of  the  product  ions  and  the  use  of  a  kinetic  energy  analyzer  (the  electric 
sector)  to  analyze  the  product  ions.121  It  can  be  seen  that  assigned  masses  do 
not  necessarily  correspond  to  the  masses  in  the  CI  spectra.  In  MIKE  spectra, 
mass  assignments  are  often  inaccurate  due  to  kinetic  energy  losses  which  can 
shift  the  peak  away  from  the  center.122  All  three  spectra  show  essentially  the 
same  ions.  As  expected  for  peptides  with  no  basic  amino  acids,  the  HE-CID 
spectra  are  dominated  by  B-type  fragment  ions123  with  the  peak  at  m/z  425, 
corresponding  to  the  B4  ion,  being  the  most  intense.  Although  not  shown  here, 
when  all  spectra  were  normalized  to  m/z  425  it  was  clear  that  more  abundant 
ions  were  produced  with  NBA,  followed  by  those  of  glycerol/water,  in  turn 
followed  by  Magic  Bullet/TFA.  These  observations  indicate  that  NBA  is  a  "hotter" 
matrix  for  HE-CID  of  leucine  enkephalin. 
Ionization  and  CID  processes  for  leucine  enkephalin 

It  was  not  possible  to  obtain  (M+H)+  ions  from  leucine  enkephalin  by  DCI 
in  the  sector  instrument  (recall  that  their  intensity  was  less  than  3%  of  the  base 
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peak  in  the  DCI  spectra  obtained  in  the  triple  quadrupole  instrument).  Therefore, 
comparison  of  high-  and  low-energy  CID  of  ions  generated  by  chemical 
ionization  can  not  be  made;  however,  the  CID  spectra  can  be  compared  for 
(M+H)+  ions  produced  by  LSIMS  (for  HE-CID)  and  DCI  (for  LE-CID).  A 
reasonable  explanation  for  this  is  that  higher  internal  energies  might  be 
deposited  in  the  sector  instrument  due  to  ions  being  accelerated  at  5kV  during 
the  ion  extraction  process.  Comparing  Figures  2-3  and  2-5,  it  is  evident  that 
there  are  differences  between  high-  and  low-energy  CID  spectra  obtained  from 
(M+H)+  ions  of  leucine  enkephalin.  The  presence  of  ions  originated  from  internal 
cleavages  such  as  the  ions  at  m/z  205,  177  and  262  is  more  noticeable  in  the 
LE-CID  spectra  than  in  the  HE-CID.  Internal  cleavages  are  often  seen  in  LE-CID 
spectra  due  to  the  multiple  collision  conditions  and  longer  time  frame  of  the 
decomposition  in  triple  quadrupole  instruments  both  of  which  favor  multi-step 
cleavage  reactions.57  The  major  difference  between  HE-  and  LE-CID  spectra  of 
(M+H)+  ions  of  leucine  enkephalin  is  the  relative  abundance  of  the  ions  at  m/z 
425  and  m/z  397,  which  correspond  to  the  B4  and  A4  ions,  respectively.  Thus,  in 
LE-CID  spectra  A4  is  predominant,  while  under  HE-CID  B4  is  the  more  intense. 
These  differences  can  be  related  to  the  ionization  technique  and/or  to  the 
collision-induced  dissociation  process  itself.  In  order  to  discern  the  individual 
contributions  of  these  factors,  the  data  obtained  in  these  experiments  were 
compared  to  those  in  previous  publications.  The  literature  contains  no  available 
CID  spectra  of  leucine  enkephalin  (M+H)+  ions  generated  by  CI,  but  there  are 
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many  reports  on  CID  of  ions  generated  by  FAB  and  ESI.  CID  spectra  (high-  and 
low-energy)  and  SID  data  on  leucine  enkephalin  have  also  been  reported. 

Alexander  and  Boyd70  demonstrated  that  the  extent  of  fragmentation  of 
(M+H)+  ions  from  leucine  enkephalin  generated  by  FAB  increases  as  a  function 
of  collision  energy.  Thus,  the  intensity  ratio  of  low-  to  high-mass  ions  increases 
with  increasing  collision  energy.  A  similar  treatment  has  been  applied  in  this 
research  for  (M+H)+  ions  generated  by  chemical  ionization  with  methane  used  as 
the  reagent  gas.  In  these  experiments,  LE  CID  spectra  were  taken  at  different 
collision  energies.  For  plotting  the  data,  the  fragment  ion  spectrum  at  each 
collision  energy  was  divided  on  two  regions,  a  low-mass  region  (m/z  20  to  299) 
and  a  high-mass  region  (m/z  300  to  550).  The  fragment  ion  intensities  were 
summed  for  each  region  and  the  ratio  of  high-mass  to  low-mass  ion  intensities 
was  calculated  and  plotted  against  laboratory  frame  collision  energy.  As  can  be 
seen  in  Figure  2-6,  there  is  a  rapid  change  in  the  high-  to  low-mass  ion  intensity 
ratio  as  the  collision  energy  increases  to  a  value  of  25  eV.  Above  25  eV  collision 
energy,  the  ratio  is  nearly  constant,  and  no  major  differences  are  observed  in  the 
spectra.  Comparing  Figures  2-3  and  2-5,  (M+H)+  ions  from  leucine  enkephalin 
generated  by  LSIMS  appear  to  be  "cooler"  (i.e.,  have  less  internal  energy)  than 
those  generated  by  DCI,  since  the  latter  show  more  intense  lower  mass  ions 
under  the  experimental  conditions.  This  may  reflect  the  energy  imparted  by  the 
desorption  process  of  DCI  rather  than  simply  the  energy  deposited  during 
protonation.  The  dominant  presence  of  m/z  425  (B4  ion)  in  the  LSIMS-CID 
spectra  was  observed  even  at  90%  attenuation  of  the  precursor  ion  beam. 
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Figure  2-6.  Fragment  ion  distribution  from  the  (M+H)+  ion  of  leucine-enkephalin 
as  a  function  of  laboratory  collision  energy.  I  I  (300-550)  is  the  sum  of  all  ion 
intensities  in  the  m/z  300-550  mass  range.  I  I  (20-299)  is  the  sum  of  all  ion 
intensities  in  the  m/z  20-299  mass  range.  Spectra  taken  on  a  Finnigan  TSQ  70. 
Precursor  ions  were  generated  by  methane/CI,  and  argon  was  used  as  the 
collision  gas. 
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In  contrast,  in  the  CI-CID  spectra  m/z  397  (A4  ion)  is  the  dominant  product  ion.  It 
has  been  noticed11270124'125  that  the  formation  of  m/z  397  over  m/z  425  is  favored 
by  multiple  collision  conditions  and  longer  reaction  times,  conditions  obtained  in 
quadrupole  collision  regions,  which  agrees  with  the  observations  made  in  this 
research.  The  presence  of  a  strong  m/z  397  in  the  DCI-CID  spectra  can  also  be 
attributed  to  thermal  dissociation  of  leucine  enkephalin  (M+H)+  ions.  In  order  to 
form  (M+H)+  ions  in  CI,  the  sample  has  to  be  vaporized,  which  can  deposit  extra 
internal  energy  into  the  ion.  Even  under  fast  heating  in  DCI,  this  process  can  not 
be  ruled  out.  Thermal  decomposition  of  leucine  enkephalin  (M+H)+  ions  has 
been  studied  by  Wysocki  and  coworkers.125  In  these  studies  the  temperature  of 
the  heated  capillary  of  an  ESI  source  was  gradually  increased  and  SID  spectra 
was  recorded.  Thermal  dissociation  of  leucine  enkephalin  was  found  to  lead  to 
intense  A4  ions,  which  can  be  formed  from  B4  ions  by  loss  of  CO.  The  formation 
of  A4  from  B4  ions  has  also  been  reported  by  Williams  and  coworkers126  in 
experiments  involving  blackbody  infrared  radiative  dissociation  (BIRD)  of 
protonated  leucine  enkephalin  obtained  by  electrospray  ionization. 
Isovalerylcarnitine 

Due  to  their  zwitterionic  character  and  the  presence  of  thermally  labile 
functional  groups,  carnitine  and  acylcarnitine  derivatives  are  not  normally 
amenable  to  direct  analysis  by  electron  ionization  or  chemical  ionization.127  Most 
of  the  reports  on  analysis  of  acylcarnitines  are  based  on  gas  chromatography  - 
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Figure  2-7.  Fragmentation  pattern  of  the  (M+H)+  ion  of  isovalerylcarnitine  (m/z 
246).  Ions  present  in  high-  and  low-energy  CID.  Adapted  from  reference  72. 
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mass  spectrometry  (GC/MS)  of  suitable  derivatives  or  fast  atom  bombardment 
(FAB)  mass  spectrometry  of  derivatized  and  underivatized  compounds,128 
although  there  are  a  few  publications  on  thermospray129130  and  DCI.131  The 
structure  and  fragmentation  pattern  for  isovalerylcarnitine  is  shown  in  Figure  2-7. 
The  identification  of  these  ions  has  been  supported  by  high  resolution 
measurements  and  by  linked  scan  MS/MS  techniques.72 
DCI-MS 

The  mass  spectra  of  isovalerylcarnitine  obtained  by  DCI  using  methane, 
water  and  ammonia  are  compared  in  Figure  2-8.  In  all  cases,  (M+H)+  ions  of  low 
intensity  are  observed.  The  relative  intensity  of  the  (M+H)+  ion  (m/z  246) 
increased  when  the  reagent  gas  was  changed  from  methane  to  ammonia. 
Methane  and  water  DCI  spectra  (Figures  2-8  A,  2-8  B)  are  characterized  by 
abundant  ions  at  m/z  85,  103,  130,  169,  187,  205  and  232.  Cluster  reactions  are 
of  considerable  importance  in  CI.132  Ionization  of  methane  produces  also  C2H5+ 
and  C3H5+  ions  which  react  to  form  (M+C2H5)+  and  (M+C3H5)+  ions  of  low 
intensity.  These  ions  can  undergo  demethylation  under  DCI  conditions  to  form 
the  m/z  260  and  272  observed  in  the  methane  DCI  spectrum.  The  water  DCI 
spectrum  shows  water  adducts  18  Da  higher  than  the  corresponding  ions 
observed  in  methane  DCI.  Thus,  ions  at  m/z  78,  121,  144  and  some  higher 
mass  adducts  separated  by  18  Da  (m/z  253,  271  and  289)  are  observed.  In  the 
ammonia  DCI  spectrum  (Figure  2-8  C)  the  characteristic  ions  are  m/z  77,  102, 
119,  130,  186,  204  and  232.  Differences  between  the  ions  in  the  DCI  spectra  in 
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Figure  2-8.  MS  of  isovalerylcarnitine  (mw  245)  obtained  by  DCI  with  different 
reagent  gases  on  a  TSQ  70.  A.  Methane,  B.  Water,  C.  Ammonia. 
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Figure  2-8,  especially  between  the  ammonia  DCI  spectra  and  the  methane  and 
water  DCI  spectra,  can  be  explained  by  the  formation  of  ammonium  adducts 
under  ammonia  DCI.  These  ammonium  adducts  can  be  seen  as  signals  at  17 
Da  higher  than  the  corresponding  peaks  in  methane  and  water  DCI  spectra  (e  g., 
m/z  102  rather  than  85,  m/z  186  rather  than  169,  m/z  204  rather  than  187).  The 
ion  at  m/z  102  present  in  the  ammonia  DCI  spectrum  might  be  accounted  for  by 
addition  of  ammonia  with  trimethylamine  loss  from  the  m/z  144  ion.  The  m/z  130 
ion  signal  can  be  accounted  for  by  loss  of  both  acyl  and  methyl  group  from  intact 
(M+H)+  ion.129  The  presence  of  a  (M+H-14)+  ion  at  m/z  232  seems  to  be  an 
indicative  of  thermal  degradation  processes  under  CI.  This  ion  has  been 
identified  in  thermospray  mass  spectra,  where  the  ratio  (M+H)+  /  (M+H-14)+  has 
been  shown  to  change  as  a  function  of  temperature.130  The  formation  of  this  ion 
is  believed  to  involve  a  pyrolytic  demethylation  followed  by  protonation,  since  a 
similar  reaction  has  been  reported  to  occur  under  pyrolysis  for  many  methyl- 
substituted  quaternary  ammonium  compounds  under  CI.130 
DCI-LE-CID 

Low-energy  CID  mass  spectra  of  (M+H)+  ions  from  isovalerylcarnitine 
generated  by  DCI  are  shown  in  Figure  2.9.  Fragment  ions  are  essentially  the 
same  in  the  spectra  obtained  after  ionization  with  methane,  water  and  ammonia 
and  subsequent  collisions  with  argon  at  20  eV  (laboratory  frame).  This  suggests 
that  the  (M+H)+  ions  formed  with  different  reagent  gases  have  the  same  structure 
and  undergo  the  same  decomposition  reactions  upon  collisions.  As  can  be 
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Figure  2-9.  LE-CID  spectra  of  (M+H)+  ions  from  isovalerylcarnitine  (m/z  246) 
generated  by  DCI  with  different  reagent  gases  in  a  TSQ  70  at  20eV  collision 
energy.  A.  Methane,  B.  Water,  C.  Ammonia. 
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observed  in  Figure  2.9  more  fragment  ions  of  low  abundance  are  present  in  the 
methane  and  water  DCI  LE-CID  spectra.  The  intensities  of  the  major  fragments 
ions  are  higher  in  the  ammonia  DCI  LE-CID  spectrum.  It  is  important  to  notice 
that  the  signal-to-noise  ratio  in  the  ammonia  spectrum  is  also  much  higher.  The 
fewer  ions  and  better  signal-to-noise  ratios  observed  in  Figure  2-9  C  indicate 
that,  as  expected,  cooler  ions  are  formed  during  ionization  with  ammonia  than 
when  stronger  proton  transfer  reagents  such  as  methane  and  water  are  used. 
DCI-HE-CID 



One  of  the  goals  of  this  research  is  to  be  able  to  compare  not  only 
different  ionization  techniques  but  also  different  collision  energy  regimes.  For 
this  last  purpose,  (M+H)+  ions  from  isovalerylcarnitine  were  formed  in  the  ion 
source  of  the  hybrid  sector  instrument  to  perform  HE-CID.  As  shown  in  Figure  2- 
10,  it  was  possible  to  form  (M+H)+  ions  by  DCI  with  methane,  isobutane  and 
ammonia  as  reagent  gases.  As  expected  and  as  observed  in  the  triple 
quadrupole  instrument,  the  relative  intensity  of  the  (M+H)+  ion  increased  as  the 
proton  transfer  reaction  was  less  exothermic.  The  (M+H)+  ion  was  very  weak, 
almost  non-existent,  with  methane  DCI;  with  isobutane  DCI  a  more  intense 
signal  was  observed  and,  with  ammonia  DCI  the  most  intense  (M+H)+  was 
obtained.  It  is  evident  from  the  scale  of  the  spectra  that  methane  DCI  produced 
the  most  intense  fragment  ions,  followed  by  isobutane  DCI,  which  in  turn  is 
followed  by  ammonia  DCI.  This  is  again  indicative  that  methane  DCI  (M+H)+ 
ions  are  more  energetic  and  fragment  more  easily  than  the  corresponding 
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Figure  2-10  .  MS  of  isovalerylcarnitine  (mw  255)  obtained  by  DCI  with  different 
reagent  gases  on  a  MAT  95.  A.  Methane,  B.  Isobutane,  C.  Ammonia. 


(M+H)+  ions  generated  by  isobutane  and  ammonia  DCI.  It  is  important  to  notice 
that  all  three  DCI  spectra  show  a  peak  at  m/z  232,  which  as  explained  previously 
appears  to  be  a  pyrolysis  product  obtained  by  demethylation  followed  by 
protonation.  Adduct  formation  was  also  observed  for  DCI  experiments  in  the 
sector  instrument.  Although  not  shown  in  Figure  2-10  A,  a  weak  ion 
corresponding  to  (M+C2H5)+  at  m/z  274  was  identified  in  the  methane  DCI 
spectrum.  For  isobutane  DCI,  ions  at  m/z  289  and  274  of  formula  (M+C3H7)+  and 
(M+C2H5)+  were  observed.  No  adduct  corresponding  to  the  (M+NH4)+  was 
present  in  the  ammonia  DCI  spectrum. 

Comparing  Figures  2-8  and  2-10,  in  which  DCI  spectra  are  shown  from 
two  different  instruments,  the  spectra  obtained  in  the  hybrid  instrument  (Figure  2- 
10)  are  simpler  and  have  better  signal-to-noise  ratios  than  the  DCI  spectra 
obtained  in  the  triple  quadrupole  instrument  (Figure  2-8).  In  a  similar  way  to  the 
results  obtained  in  the  quadrupole  instrument,  the  ions  obtained  with  methane 
and  isobutane  DCI  are  similar,  with  some  differences  in  relative  abundance.  As 
on  the  triple  quadrupole,  ammonia  DCI  (Figure  2-10  C)  forms  ions  such  as  those 
at  m/z  102,  120,  186,  and  204  that  are  ammonium  adducts  of  the  corresponding 
ions  observed  in  methane  and  isobutane  DCI.  Although  it  was  possible  to  form 
(M+H)+  ions  by  DCI  in  the  sector  instrument,  they  are  so  low  in  absolute  intensity 
(and  CID  is  so  inefficient)  that  HE-CID  spectra  with  acceptable  signal-to-noise 
were  only  obtained  under  ammonia  DCI.  This  spectrum  will  be  compared  later  to 
those  produced  by  LE-CID. 
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LSIMS-MS 

Figure  2-11  shows  the  LSIMS  spectra  of  isovalerylcarnitine  in  Magic 
Bullet/TFA,  NBA  and  glycerol.  To  facilitate  the  identification  of  peaks  belonging 
to  the  compound  of  interest,  matrix  ions  were  subtracted.  In  all  three  matrices, 
the  LSIMS  spectra  exhibit  very  intense  (M+H)+  ions  due  to  the  presence  of  a 
quaternary  nitrogen  in  isovalerylcarnitine,  which  is  a  basic  functional  group. 
Furthermore,  the  solubility  of  isovalerylcarnitine  in  these  matrices  is  high,  which 
helps  in  the  production  of  intense  sample  ion  peaks.133  The  spectra  in  Figure  2- 
11  are  rather  simple;  the  ions  at  m/z  58,  85,  100,  144,  and  162  are  consistent  in 
all  three  cases,  corresponding  to  the  structures  shown  in  Figure  2-7.  Compared 
to  the  DCI  spectra  (Figures  2-8  and  2-10),  there  is  far  less  fragmentation, 
indicating  that  LSIMS  is  a  gentler  ionization  process  than  DCI  for 
isovalerylcarnitine. 
LSIMS  MS/MS 

High-energy  CID  spectra  of  (M+H)+  ions  of  isovalerylcarnitine  generated 
by  LSIMS  with  three  different  matrices  are  shown  in  Figure  2-12.  In  general, 
spectra  were  reproducible,  although  the  mass  resolution  was  not  adequate  to 
make  accurate  mass  assignments  based  solely  in  these  spectra.  Note  as  well 
the  inefficiency  of  HE-CID;  with  the  helium  pressure  set  to  attenuate  the 
precursor  ion  beam  by  50%,  the  most  abundant  product  ion  is  still  at  least  450 
times  less  intense  than  the  remaining  precursor  ion.  As  can  be  observed,  the 
same  fragment  ions  were  present  in  Magic  Bullet  /  TFA,  NBA  and  glycerol.  The 
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Figure  2-11  MS  of  isovalerylcarnitine  (mw  245)  obtained  by  LSIMS  with 
different  matrices  on  a  MAT  95.  A.  Magic  Bullet/TFA,  B.  NBA,  C.  Glycerol. 
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Figure  2-12.  HE-CID  spectra  of  (M+H)+  ions  from  isovalerylcarnitine  (m/z  246) 
generated  by  LSIMS  with  different  matrices.  A.  Magic  bullet/TFA,  B.  NBA,  C. 
Glycerol.  5KeV  collision  energy. 
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most  abundant  fragment  ion,  m/z  187,  has  been  interpreted72  as  the  (M+H-59)+ 
ion,  formed  by  loss  of  the  trimethyl  amine.  More  abundant  fragment  ions  were 
observed  in  Magic  Bullet/TFA,  followed  by  NBA  and  glycerol.  Under  HE-CID,  the 
presence  of  fragment  ions  such  as  those  at  m/z  203  and  230  from 
isovalerylcarnitine  allows  unequivocal  differentiation  of  isomeric  acylcarnitines.72 
These  ions  are  the  result  of  charge-remote  fragmentation  reactions  in  the  alkyl 
chain,  reactions  predominantly  observed  at  high  collision  energies.134 
Ionization  and  CID  processes  for  isovalerylcarnitine 

Figure  2-13  compares  CID  spectra  of  (M+H)+  ions  from  isovalerylcarnitine 
taken  under  different  ionization  techniques  and  collision  energy  regimes.  HE- 
CID  at  5  keV  of  ions  generated  by  LSIMS  and  by  ammonia  DCI  are  shown  in 
Figures  2-14  A  and  B.  Notice  that  under  the  conditions  of  the  experiments,  m/z 
187  is  virtually  absent  in  the  DCI  spectra,  while  it  is  the  predominant  product  ion 
in  LSIMS.  These  differences  might  indicate  that  for  isovalerylcarnitine,  the 
collisional  activation  process  at  this  collision  energy  did  not  impart  sufficient 
internal  energy  to  override  internal  energy  differences  due  to  ionization.  An 
alternative  possibility  is  that  different  structures  or  mixture  of  structures  at  m/z 
246  are  being  formed  by  LSIMS  and  by  DCI.  Similar  conclusions  have  been 
drawn  from  experiments  involving  valinomycin  ions  in  which  differences  in  the 
HE-CID  spectra  were  attributed  to  different  structures  formed  by  different 
ionization  techniques.109 
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Figure  2-13.  CID  spectra  of  (M+H)+  ions  of  isovalerylcarnitine  (m/z  246).  A. 
LSIMS-HE-CID  (5  keV)  helium  50%  attenuation,  matrix:  Magic  Bullet/TFA  B. 
Ammonia-DCI  HE-CID  (5keV)  helium  50%  attenuation,  C.  Ammonia-DCI  LE-CID 
(20  eV)  argon  Imtorr,  TSQ  70. 
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CID  spectra  of  (M+H)+  ions  from  isovalerylcarnitine  generated  by  DCI 
were  obtained  at  laboratory  frame  collision  energies  of  5  keV  (on  the  MAT 
95)and  20  eV  (on  the  TSQ  70),  as  shown  in  Figures  2-14  B  and  C.  It  is  evident 
that  m/z  187  is  almost  non  existent  in  the  CID  spectra  of  the  (M+H)+  ions 
produced  by  DCI  regardless  of  the  collision  energy  regime.  This  ion  was  not 
present,  or  at  least  not  appreciable,  in  any  of  DCI  LE-CID  spectra  obtained  with 
different  reagent  gases  (see  Figure  2-9).  M/z  60  is  the  predominant  ion  signal  in 
Figures  2-14  B  and  C,  as  well  as  m/z  144.  As  can  be  seen,  the  efficiency  of  the 
HE-CID  process  is  very  poor  (<  1%)  as  indicated  by  the  scale  of  the  spectrum 
and  by  the  intensity  of  the  precursor  ion.  In  contrast,  LE-CID  is  a  very  efficient 
process  in  which  most  of  the  precursor  ions  has  been  converted  into  product 
ions.  The  baseline  in  the  HE-CID  spectrum  in  Figure  2-13  B  is  noisy  although 
several  scans  were  averaged  to  obtain  the  spectrum  shown;  notice  also  that 
peaks  are  broad  since  spectra  were  acquired  by  the  MIKES  technique  previously 
described.  In  the  LE-CID  spectrum  (Figure  2-13  C),  approximately  unit  mass 
resolution  was  obtained  and  signal-to-noise  ratio  was  remarkably  better  than  in 
the  HE  spectrum  due  to  higher  CID  efficiency. 

In  order  to  help  understand  the  differences  in  the  fragment  ions  generated 
by  CID  of  (M+H)+  ions  produced  by  LSIMS  and  DCI,  especially  the  presence  of 
m/z  187  in  HE-CID  spectra  of  (M+H)+  ions  generated  by  LSIMS,  electrospray 
ionization  (ESI)  was  used  to  generate  precursor  ions  and  CID  was  carried  out. 
Figure  2-14  shows  the  LE-CID  spectra,  taken  on  an  ion  trap  mass  spectrometer 
at  15%  of  the  maximum  voltage,  of  isovalerylcarnitine  (M+H)+  ions  generated  by 
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Figure  2-14.  LE-CID  spectrum  from  (M+H)+  of  isovalerylcarnitine  (m/z  246) 
generated  by  ESI  on  an  ion  trap  mass  spectrometer. 
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ESI.  As  can  be  seen,  the  ESI-MS/MS  spectrum  is  rather  simple.  It  is  similar  to 
HE-CID  spectra  of  LSIMS  precursor  ions  (Figure  2-13  A),  although  the  mass 
resolution  is  much  better  and  the  efficiency  of  the  CID  process  in  the  ion  trap  is 
remarkably  higher.  The  major  peak  observed  at  m/z  187  corresponds  to  the  loss 
of  trimethylamine.  Ions  at  m/z  85  and  m/z  144  are  also  present,  as  in  the  LSIMS 
MS/MS  spectra.  Unfortunately,  due  to  CID  occurring  in  the  ion  trap  at  a  Mathiew 
q  parameter  of  0.25,  the  lowest  product  ion  mass  that  can  be  stored  for  a 
precursor  ion  of  246  is  m/z  65.  Notice  that  there  is  a  signal  at  m/z  229,  which  is 
not  seen  in  the  DCI  and  LSIMS  spectra.  To  identify  this  ion,  two  other  carnitines, 
hexanoyl  and  isobutyroylcarnitine  were  analyzed  by  ESI  LE-CID.  Loss  of  17  Da 
from  the  (M+H)+  ions  of  these  two  compounds  was  not  observed.  This  suggests 
that  m/z  229  might  form  from  isobaric  interferences  in  the  isovalerylcarnitine 
solution. 

Low-energy  CID  is  a  very  efficient  process;  it  is  possible  to  transfer  most 
of  the  kinetic  energy  into  internal  energy  so  that  small  changes  in  ion  kinetic 
energy  can  have  great  effect  on  the  appearance  of  product  ion  spectra.59  Plots 
of  relative  abundance  of  the  fragment  ions  observed  as  a  function  of  collision 
energy  produce  energy-resolved  breakdown  curves  that  are  useful  for  the 
determination  of  fragmentation  pathways,  isomer  differentiation  and  for  the 
optimization  of  CID  conditions  for  trace  analysis.135  The  LE-CID  energy-resolved 
curves  for  the  (M+H)+  ion  of  isovalerylcarnitine  formed  by  methane  DCI  and  by 
ESI  are  shown  in  Figure  2-15.  As  can  be  seen,  the  curves  are  significantly 
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Figure  2-15.  LE-CID  energy-resolved  breakdown  curves  for  (M+H)+  ions  (m/z 
246)  from  isovalerylcarnitine  generated  by:  A.  Methane  DCI,  TSQ  70  (1.0  mtorr 
Ar).  B.  ESI,  LCQ.  EC0M  represents  the  center  of  mass  collision  energy.  % 
CID  Energy  represents  the  porcentage  of  a  maximum  5  V  excitation  voltage 
available  for  CID. 
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different  for  the  ions  generated  by  the  two  ionization  techniques.  Note  that  for 
the  experiments  performed  in  the  triple  quadrupole  instrument,  there  is  some 
CID  occurring  already  at  EC0M  =0.7  eV  (5  eV  in  laboratory  frame).  This  has  been 
indicated136  to  be  due  to  penetration  of  the  electric  fields  of  the  lenses  on  both 
sides  of  the  collision  cell.  As  for  CID  in  the  ion  trap,  because  CID  occurs  in  the 
same  space  as  ionization,  the  ions  only  need  to  be  sufficiently  excited  to 
decompose.  Thus,  relatively  sharp  increase  in  product  ion  intensity  occurs  once 
the  appearance  energy  is  reached.  In  Figure  2-1 5A,  the  formation  of  m/z  144 
requires  less  energy  than  the  formation  of  m/z  99  and  m/z  84.  The  higher 
abundance  of  m/z  144  in  the  triple  quadrupole  indicates  that  the  internal  energy 
of  the  precursor  ion  is  higher  in  this  instrument  than  in  the  ion  trap.  Under  the 
conditions  of  the  curves  shown  in  Figure  2-1 5B,  m/z  187  (loss  of  trimethyl  amine) 
requires  less  energy  than  m/z  144  and  m/z  85.  The  loss  of  trimethyl  amine  to 
form  m/z  187  is  not  observed  in  the  LE-CID  spectra  of  precursor  ions  formed  by 
methane  DCI,  which  suggests  that  structures  (or  mixture  of  structures)  of  (M+H)+ 
ions  formed  by  methane  DCI  and  ESI  are  different.  Also,  thermal  effects  might 
play  an  important  role  in  favoring  a  fragmentation  pathway  over  another. 

Conclusions 

Leucine  Enkephalin 

It  was  possible  to  observe  (M+H)+  ions  of  leucine  enkephalin  in  DCI/MS 
spectra  on  the  triple  quadrupole  instrument.  Spectra  obtained  with  methane  and 
water  as  reagent  gases  were  very  similar.    Ammonia  DCI  spectra  showed 
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ammonia  adducts  at  17  amu  higher  than  the  corresponding  ions  in  methane  and 
water  DCI.  For  DCI  LE-CID  spectra,  methane  DCI  produced  the  most  intense 
low-mass  signals,  which  indicates  higher  energy  deposition  in  the  precursor  ion 
when  methane  is  used  as  reagent  gas.  Less  intense  low  mass  ions  were 
obtained  with  water  and  with  ammonia  as  reagent  gases.  These  observations 
agree  with  different  amounts  of  the  internal  energy  deposited  during  chemical 
ionization  with  different  reagent  gases. 

Ion  intensity  in  LSIMS  spectra  was  found  to  be  dependent  on  matrix 
composition.  Thus,  glycerol/water  (50:50  v/v)  was  the  most  effective  in 
promoting  fragmentation  and  NBA  the  least,  while  Magic  Bullet/TFA  was  the 
most  prone  to  cation  adduction.  As  for  LSIMS  HE-CID,  spectra  were  very  similar 
in  all  the  matrices  used,  although  NBA  showed  more  intense  product  ions, 
followed  by  glycerol/water,  in  turn  followed  by  Magic  Bullet/TFA. 

Comparison  of  HE-  and  LE-CID  spectra,  obtained  for  (M+H)+  ions  of 
leucine  enkephalin  generated  by  LSIMS  and  DCI,  respectively,  showed  that  the 
formation  of  the  A4  ion  is  favored  over  the  B4  ion  in  LE-CID,  while  B4  is  more 
intense  in  HE-CID.  This  seems  to  correlate  with  longer  reaction  times  for  the  LE 
process  and  with  thermal  decomposition  of  the  (M+H)+  ion  of  leucine  enkephalin 
which  favors  formation  of  A4by  loss  of  CO  from  B4  under  DCI. 
Isovalerylcarnitine 

DCI-MS  spectra  of  isovalerylcarnitine  with  methane  and  water  as  reagent 
gases  showed  abundant  ions  throughout  the  mass  range.  The  ammonia  DCI 
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spectrum  exhibited  ions  corresponding  to  ammonia  adducts  of  the  ions  observed 
with  the  other  reagent  gases.  An  ion  at  m/z  232  present  in  all  three  spectra  was 
attributed  to  thermal  degradation  processes  occurring  in  DCI.  In  this  case, 
pyrolytic  demethylation,  followed  by  protonation  seems  to  be  a  reasonable 
explanation.  For  DCI  LE-CID,  spectra  of  (M+H)+  ions  obtained  with  different 
reagent  gases  showed  similar  ions.  More  intense  low-mass  ions  were  obtained 
with  methane  DCI,  while  fewer  ions  and  better  signal-to-noise  ratios  were 
observed  with  ammonia  DCI,  which  agrees  with  the  internal  energy  deposited 
during  chemical  ionization  with  the  reagent  gases  used  in  these  experiments. 
DCI  HE-CID  spectra  were  also  obtained,  but  only  precursor  ions  generated  by 
ammonia  DCI  produced  enough  fragmentation  to  be  recorded  and  averaged. 
HE  and  LE-CID  spectra  of  DCI  ions  were  very  similar. 

LSIMS  spectra  of  isovalerylcarnitine  showed  a  very  intense  (M+H)+  ion 
signal  and  only  a  few  fragments  in  the  three  matrices  used.  HE-CID  spectra 
were  characterized  by  loss  of  trimethylamine.  The  most  intense  fragmentation 
was  observed  with  Magic  Bullet/TFA,  followed  by  NBA  and  by  glycerol.  Charge- 
remote  fragmentation  was  also  observed  in  HE-CID. 

Comparing  HE-  and  LE-CID  of  LSIMS  and  DCI-generated  ions,  the 
fragmentation  patterns  were  more  complex  in  DCI.  The  intense  ion  observed  in 
LSIMS  from  loss  of  trimethylamine  was  not  observed  in  DCI  under  any  of  the 
collision  energy  regimes.  This  suggests  different  ions  are  formed  by  the  two 
ionization  techniques.  ESI  LE-CID  data  was  also  compared  to  LSIMS  and  DCI 
CID  and  a  similar  pattern  to  LSIMS  was  observed.  This  indicates  again,  that 
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different  structures  or  mixtures  of  structures  can  be  formed  by  different  ionization 
techniques.  Condensed-phase  in  contrast  to  gas-phase  processes  might  play 
an  important  role  in  these  observations. 


CHAPTER  3 

INTERNAL  ENERGY  DEPOSITION  IN  CHEMICAL  IONIZATION  /  TANDEM 

MASS  SPECTROMETRY 

Introduction 

During  the  early  years  of  mass  spectrometry,  most  research  focused  on 
fundamental  studies  of  ionization  and  dissociation.  The  development  of  mass 
spectrometry  as  an  analytical  tool  was  mostly  due  to  the  utility  of  electron 
ionization  (El)  for  structural  elucidation  of  small  organic  molecules.  Although  70 
eV  El  spectra  were  very  reproducible  and  predictable,  thermally  labile 
compounds  were  not  amenable  to  El.  It  is  estimated  that  about  20%  of  El 
spectra  fail  to  show  molecular  ions17  since  too  much  energy  is  deposited  into  the 
ions  during  this  process. 

In  1952,  Talrose  and  Lyubimova137  found  that  CH5+  ions  existed  and  could 
be  produced  by  introducing  methane  into  a  mass  spectrometer  at  pressures 
around  1-2  torr.  Field  and  coworkers138  put  these  ideas  into  their  ion-molecule 
reaction  experiments  with  ethylene  and  multiple-order  reactions  (as  high  as  sixth- 
order)  to  produce  the  CrH13+  ion  from  ethylene  were  observed.  Later  on,  ion- 
molecule  reactions  in  methane,139  ethane,  propane  and  butane140  were  studied. 

The  biggest  breakthrough  was  finding  that  the  extensive  ion 
decomposition  observed  in  El  spectra  of  hydrocarbons  was  not  occurring  with 
this  new  type  of  ionization,  and  that  (M+H)+  or  (M-H)+  ions  were  appreciable  in 
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the  spectra.  The  ions  produced  by  hydride  abstraction  from  a  hydrocarbon  were 
even-electron  species,  whose  stabilities  and  decomposition  paths  are  very 
different  from  odd-electron  ions  formed  by  El.  It  was  also  very  likely  that  the 
amount  of  energy  transferred  to  the  pseudomolecular  ion  in  these  ion-molecule 
reactions  was  smaller  than  in  El.141 

Munson  and  Field6  introduced  the  term  chemical  ionization  (CI)  in  1966 
after  application  of  these  ion-molecule  reactions  with  methane  to  the  analysis  of 
different  compounds  was  successfully  carried  out.  For  chemical  ionization  to 
occur,  a  gas  (called  the  reagent  gas)  or  mixture  of  gases  at  a  pressure  of  about 
0.2-1.0  torr  is  introduced  into  an  ion  source  and  bombarded  with  electrons. 
Ionization  of  the  reagent  gas  (usually  present  in  large  excess  (hundredfold  or 
more))  is  followed  by  ion-molecule  reactions  with  reagent  gas  neutrals  to  produce 
CI  reagent  ions.  Collisions  of  these  reagent  ions  with  sample  molecules  produce 
ions  characteristic  of  the  sample.132  Ionization  in  CI  can  occur  by  charge 
exchange,  proton  transfer,  hydride  or  other  anion  abstraction  and  electrophilic 
addition;  these  techniques  have  been  reviewed  in  several  books. 17,132,142  For  this 
dissertation,  only  proton  transfer  reactions  for  positive  ions  will  be  reviewed. 

Proton  transfer  reaction  from  a  reagent  ion  (B+H)+  to  a  sample  molecule 
M,  is  shown  by  the  equation 

(B+H)++  M       (M+Hf  +  B  (3-1) 

The  AH  of  the  reaction  is  given  by  the  difference  in  proton  affinity  (PA)  of 
the  reactants  according  to  the  equation 

AH  =  PA  (B)  -  PA  (M)  (3-2) 
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Bransted  acids  are  used  as  reagent  gases  in  CI.  The  fragmentation  of  the 
(M+H)+  ion  observed  in  the  CI  spectra  depends  on  its  internal  energy,  which  can 
be  controlled  by  varying  the  reagent  ion  and,  therefore,  the  exothermicity  of  the 
proton  transfer  reaction.  In  general,  fragmentation  increases  when  the 
exothermicity  of  the  proton  transfer  reaction  increases. 

It  is  possible  to  predict  which  proton  transfer  reactions  will  occur  in  a 
particular  system,  since  values  of  PA  of  a  large  number  of  compounds  are 
tabulated.143  Selective  ionization  can  be  obtained  by  the  choice  of  reagent  ion. 
Thus,  proton  transfer  from  NH4+  occurs  to  compounds  with  PA's  greater  than  that 
of  ammonia,  such  as  amides  and  amines,144  but  not  to  most  organic  compounds. 
Protonated  methane,  on  the  other  hand,  can  be  used  to  protonate  a  great  variety 
of  compounds. 

Spectra  obtained  by  CI  are  often  simple,  frequently  giving  only  molecular 
weight  information;  therefore,  activation  techniques  such  as  collision  with  a 
neutral  gas  are  commonly  used  to  increase  the  internal  energy  of  the  ion  and 
promote  fragmentation.  The  fragmentation  observed  in  collision-induced 
dissociation  (CID)  depends  upon  the  internal  energy  present  in  the  ions  prior  to 
collision  as  well  as  the  energy  deposited  during  collisional  activation.  The  limited 
publications  on  the  role  of  precollisional  internal  energy  on  CID  spectra  show 
conflicting  results.  Some  studies10,12,109,110  indicate  that  precursor  ion  internal 
energy  has  a  negligible  effect  on  the  CID  spectrum,  except  for  product  ions 
formed  through  processes  with  the  lowest  activation  energy.  Alternatively,  there 
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is  supporting  evidence  that  CID  spectra  are  highly  dependent  on  initial  energy  of 
the  precursor  ion  and/or  angular  momentum.11,13"15 

The  effect  of  internal  energy  on  the  relative  rates  of  the  reactions 
competing  in  CID  processes  has  been  studied  by  varying  the  electron  energy  in 
electron  ionization  (El).10  It  was  found  that  precursor  ion  internal  energy  has  a 
negligible  effect  on  the  ion  CID  spectrum  except  for  product  ions  formed  through 
the  processes  of  lowest  activation  energy.  The  effect  of  the  degrees  of  freedom 
of  the  analyte  on  ion  internal  energy  has  also  been  investigated.11  In  these 
experiments,  the  differences  in  CID  spectra  of  benzoyl  ions  formed  from  a  series 
of  homologous  compounds  were  attributed  to  different  internal  energy 
distributions  in  the  fragmenting  ion.  McLafferty  and  coworkers12  reviewed  these 
results  by  forming  the  ions  by  electron  ionization  at  14  and  70  eV.  They 
concluded  that  the  CID  spectra  of  benzoyl  ions  were  independent  of  their  internal 
energy  and  mode  of  formation  since  no  differences  were  observed.  An  ingenious 
experiment  was  designed  by  Beynon's  group13  in  which  different  portions  of  a 
metastable  peak  were  sampled.  They  were  able  to  select  ions  with  different 
internal  energies  and  let  them  to  undergo  CID.  It  was  shown  that  the  position  of 
an  ion  within  the  metastable  peak  correlated  with  its  internal  energy.  Thus,  the 
ions  sampled  from  the  edges  of  the  metastable  peak  were  the  least  excited  and 
the  ions  taken  from  the  center  were  the  most  excited,  as  reflected  in  the  CID 
spectrum.  Bowers  and  coworkers14  showed  that  ions  generated  by  selected  ion- 
molecule  reactions  could  have  energies  that  vary  over  several  electronvolts  and 
that  the  CID  spectrum  depends  on  the  internal  energy  of  the  ions  prior  to 
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collision.  Later  studies  performed  in  the  same  group15  included  charge-stripping 
reactions  and  showed  that  the  charge  stripping  spectra  of  the  ions  studied  were 
strongly  dependent  on  internal  energy.  The  most  recent  studies  on  the  role  of 
precollisional  internal  energy  on  CID  spectra  were  reported  by  Scrivens  and 
coworkers.16  They  obtained  CID  spectra  of  ions  formed  by  various  ionization 
techniques  from  irganox  1076,  a  polymer  additive.  It  was  demonstrated  that  the 
variation  in  relative  abundance  of  various  fragment  ions  present  in  the  CID 
spectra  was  correlated  to  differences  in  the  internal  energy  transferred  to  the 
precursor  ion  during  ionization. 

Although  there  are  several  studies  that  indicate  the  importance  of  internal 
energy  on  CID  spectra,  it  is  still  often  assumed  that  the  ions  have  no  memory  of 
where  and  how  they  were  formed,  as  implied  by  the  quasi-equilibrium  theory. 
We  are  interested  in  understanding  the  effects  of  internal  energy  on  CID  spectra. 
In  the  present  work,  (M+H)+  ions  of  several  heterocyclic  amines  were  formed  with 
different  internal  energies  via  chemical  ionization  using  different  reagent  gases. 
The  effect  of  precollisional  internal  energy  on  the  subsequent  CID  spectra  of 
these  amines  is  reported. 

Experimental 

Pyridine,  piperidine,  pyrrole  and  pyrrolidine  (Aldrich  Chemical  Co. 
Milwaukee,  Wl)  were  used  for  the  experiments  presented  here.  All  compounds 
(Figure  3-1)  were  used  as  received,  except  for  pyrrole,  which  was  passed 
through  a  silica  gel  column  to  remove  oxidation  products.  The  compounds  were 
introduced  into  the  mass  spectrometer  through  a  variable  leak  valve  (Granville 
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Figure  3-1 .  Five-  and  six-membered  heterocyclic  compounds. 
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Phillips,  series  203).  The  valve  was  placed  inside  the  oven  of  a  gas 
chromatograph  so  that  its  temperature  could  be  regulated  as  needed. 

High-  and  low-energy  CID  and  metastable  experiments  were  performed 
on  a  Finnigan  MAT95Q  hybrid  sector  mass  spectrometer  of  BEoQ  configuration 
(Finnigan  MAT,  San  Jose,  CA).  The  ions  studied  were  generated  by  chemical 
ionization  (CI).  Methane,  isobutane  and  ammonia  were  used  as  reagent  gases, 
with  their  pressure  adjusted  to  obtain  a  (M+H)+  /  (M)+  ratio  of  10  ±  3. 

High-energy  CID  (HE-CID)  and  metastable  ion  spectra  were  measured  at 
a  collision  energy  of  5  keV  in  the  second  field-free  region,  between  the  magnet 
and  the  electric  sector,  of  the  mass  spectrometer.  Mass-analyzed  ion  kinetic 
energy  spectra  (MIKES)  were  obtained  with  helium  as  target  gas.  Twenty  scans 
were  acquired  at  each  collision  gas  pressure;  the  collision  gas  pressure  was 
increased  until  97%  or  more  of  the  precursor  ion  intensity  was  attenuated. 

Low-energy  CID  (LE-CID)  product  ions  were  formed  in  the  octopole 
collision  cell  and  mass  analyzed  with  the  quadrupole  mass  analyzer  of  the 
MAT95Q.  Argon  was  used  as  collision  gas.  The  collision  energy  was  varied 
from  5  to  95  eV  in  10  eV  increments  at  each  collision  gas  pressure  by  changing 
the  offset  voltage  applied  to  the  octopole.  Ten  scans  were  acquired  at  each 
collision  energy  value. 

High-  and  low-  energy  CID  experiments  were  performed  three  times, 
taking  an  average  of  three-and-a-half  hours  to  generate  the  triplicates  with  each 
reagent  gas.  Approximately  half-an-hour  was  allowed  to  evacuate  the  gas  lines 
and  the  ion  source  after  changing  reagent  gases.   An  average  of  the  three 
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analyses  was  used  for  all  the  calculations.  Most  of  the  graphs  shown  here 
include  error  bars  equivalent  to  one  standard  deviation. 

The  kinetic  energy  release  (KER)  associated  with  unimolecular 
decomposition  was  determined  by  mass-analyzed  ion  kinetic  energy 
spectrometry  (MIKES).  In  this  technique,  the  ion  of  interest  is  mass  selected  by 
the  magnetic  sector  and  the  products  of  unimolecular  decomposition  reactions 
occurring  in  the  field  free  region  between  the  magnet  and  the  electric  sector  are 
measured  by  scanning  the  electric  sector.  The  KER  values  were  calculated 
according  to  the  equation30 
,2m2*r  rAE\2 


KER=y^!iL 


1 6m2m3 


(3-3) 


where  mi  is  the  mass  of  the  precursor  ion,  m2  is  the  mass  of  the  product  ion,  rri3 
is  the  mass  of  the  neutral  loss,  y  is  the  charge  of  the  product  ion,  E  is  the 
accelerating  voltage  and  AE  is  given  by: 

AE  =  [AE^-AE;r  (3-4) 
where  AE50%  is  the  width  in  volts  of  the  product  ion  peak  at  half  height  and  AEmi 
is  the  width  in  volts  of  the  precursor  ion  peak  at  half  height. 

Results  and  Discussion 

A  list  of  the  proton  affinities  of  the  compounds  and  reagent  gases  used  in 
these  experiments  is  shown  in  Table  3-1.  If  the  exothermicity  of  the  proton 
transfer  reaction  is  calculated  with  equation  3-2,  it  can  be  seen  that  the  ionization 
process  with  methane  CI  is  the  most  exothermic,  and  therefore,  the  (M+H)+  will 
have  the  most  internal  energy.  On  the  other  hand,  proton  transfer  reactions 
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Table  3-1 .  Proton  affinity  values  for  species  of  interest 


SPECIES 

REACTANT ION 

PA  (EV)* 

C4H5N 

SM" 

9.07 

C4H9N 

SM 

9.82 

C5H5N 

SM 

9.63 

C5H9N 

SM 

9.89 

CH4 

CH5+ 

5.63 

C4H8 

C4Hg+ 

8.31 

NH3 

NH4+ 

8.84 

C2H4 

C2Hs+ 

7.05 

C3H4 

C3Hs+ 

8.48 

*  Values  obtained  from  reference  143  and  converted  from  kcal/mol  to  eV 
**  SM  -  sample  molecule 
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involved  in  ammonia  CI  will  be  the  least  exothermic  and  the  ions  produced  will 
have  the  least  internal  energy. 

The  composition  of  reagent  gas  plasmas  is  sensitive  to  pressure  and 
temperature  of  the  ion  source.  Ideally,  the  maximum  sensitivity  should  be 
obtained  at  minimum  source  pressure  to  minimize  competing  reactions  in  the  ion 
source.  At  low  pressures,  however,  a  significant  number  of  sample  ions  are 
typically  formed  by  electron  ionization,  not  by  ion-molecule  reactions.  Under 
typical  CI  conditions,  several  different  reagent  ions  may  be  formed  from  a  given 
CI  reagent  gas.  Primary  ions  of  methane  react  rapidly  with  methane  neutral  gas 
at  virtually  every  collision  to  give  predominantly  CH5+,  C2H5\  and  C3H5+.  Of 
these  ions,  CH5+  and  C2H5+  react  mostly  by  proton  transfer  reactions,  while  C3H5+ 
reacts  typically  by  hydride  abstraction.  C2H5+  and  C3H5+  ions  frequently  produce 
(M+C2H5)+  and  (M+C3H5)+  adduct  ions  of  low  intensity  in  the  spectrum6.  In 
isobutane  CI,  primary  fragment  ions  react  by  hydride  abstraction  with  isobutane 
to  form  an  intense  C4H9+,  presumably  the  t-butyl  ion.132  The  major  positive  ions 
present  in  the  source  during  ammonia  CI  are  NH4+  and  NH4+NH3.  Proton  transfer 
and  association  reactions  are  commonly  observed  in  ammonia  CI.  If  the  proton 
transfer  reaction  from  NH4+  to  an  analyte  is  exothermic,  the  reaction  will  be  fast. 
Proton  transfer  occurs  more  readily  from  NH4+  than  from  NH4+NH3  because  the 
thermochemical  stability  of  solvated  ions  increases  with  the  extent  of  clustering, 
which  causes  proton  transfer  to  be  more  difficult.114 
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Metastable  Ions 

A  metastable  ion  is  one  that  is  sufficiently  stable  to  survive  the  ionization 
conditions  of  the  ion  source,  but  is  not  stable  enough  to  reach  the  detector  before 
dissociating.30  Excess  internal  energy  imparted  during  ionization  may  be 
released  upon  dissociation  as  translational  energy  of  the  dissociation  products. 
This  causes  a  spread  in  the  velocity  of  the  product  ions,  resulting  in  broadening 
of  the  metastable  ion  decomposition  peak  shape.  Thus,  measuring  the  kinetic 
energy  release  (KER)  of  the  product  ions  allows  precise  estimation  of  a  quantity 
related  to  the  internal  energy  distribution  of  the  precursor  ion.145  Kinetic  energy 
releases  for  the  metastable  decompositions  of  the  (M+H)+  ions  of  the  four 
compounds  in  Figure  3-1  formed  by  CI  with  different  reagent  gases  were 
measured  in  order  to  correlate  the  amount  of  internal  energy  deposited  by  the 
ionization  technique  with  its  effect  on  tandem  mass  spectra.  A  summary  of  the 
metastable  ions  observed  in  the  second  field-free  region  and  the  kinetic  energy 
release  values  for  the  corresponding  metastable  transition  is  shown  in  Table  3-2. 

As  can  be  seen,  no  metastable  transitions  were  observed  for  (M+H)+  ions 
of  pyrrole  generated  by  isobutane  or  ammonia  CI,  which  implies  low  internal 
energies  for  ions  produced  by  these  reagent  species.  A  metastable  ion  at  m/z  41 
was  observed  only  when  methane  was  used  as  the  reagent  gas.  This 
corresponds  to  the  neutral  loss  of  HCN  from  protonated  pyrrole.  The  KER  for 
this  metastable  transition  is  50  meV.  The  error  in  this  value  is  large  due  to  low 
signal-to-noise  ratio  of  the  metastable  peak,  which  made  it  difficult  to  measure. 
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Table  3-2.  Kinetic  energy  release  for  metastable  ions. 


COMPOUND 

METHANE/CI 

ISOBUTANE/CI 

AMMONIA/CI 

APAa 

m/z 

KERD 

APAa 

m/z 

KERD 

APAa 

m/z 

KERD 

Pyrrole 

3.44 

41 

50±20 

0.76 

0.23 

Pyridine 

4.00 

1.32 

0.79 

Pyrrolidine 

4.19 

30 

56±3 

1.51 

30 

79c 

0.98 

Piperidine 

4.26 

30 
69 

45±11 
34±1 

1.58 

1.05 

a  Difference  in  proton  affinity  between  the  compound  and  the  conjugate  base  of 

the  predominant  reactant  ion  in  eV. 
b  In  millielectronvolts  (meV)  ±  one  standard  deviation  (three  replicates) 
0  Intensity  too  low  in  two  of  the  replicates  to  measure  KER. 
-  No  metastable  ions  observed. 
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For  pyridine,  no  metastable  ion  decomposition  is  observed  to  occur  for  the 
(M+H)+  ion  (m/z  80)  even  with  methane  CI,  which  imparts  4  eV  of  internal  energy. 
For  pyrrolidine,  methane  CI  and  isobutane  CI  produce  ions  with  enough  internal 
energy  to  allow  metastable  decompositions  to  be  observed,  as  indicated  for  the 
peak  at  m/z  30.  The  KER  value  obtained  for  isobutane  CI  might  not  be  accurate, 
since  only  one  of  the  three  replicates  could  be  evaluated  (the  peaks  in  the  other 
two  replicates  were  of  low  signal-to-noise  ratio  and  it  was  not  possible  to 
determine  a  reasonable  value  for  the  peak  width  at  half  maximum).  For 
piperidine,  the  metastable  ion  spectrum  of  the  (M+H)+  ion  generated  by  methane 
CI  shows  two  ions,  m/z  69  and  m/z  30,  which  correspond  to  neutral  losses  of  17 
amu  (NH3)  and  56  amu  (C3H6N),  respectively. 

In  all  compounds  the  studied,  the  relative  intensities  of  the  metastable  ions 
were  very  low  (<  0.03%  of  the  normalized  precursor  ion  intensity).  Ammonia  CI 
does  not  impart  enough  energy  into  the  (M+H)+  ions  (<  1.05  eV)  to  allow 
metastable  ions  to  be  observed  in  any  of  the  compounds  studied  here.  The 
absence  of  metastable  ions  indicates  that  the  internal  energy  of  the  precursor  ion 
prior  to  collisions  must  be  less  than  the  critical  energy  for  the  pathway  of  lowest 
dissociation  energy.7  The  peak  at  m/z  30  in  the  metastable  ion  spectra  of 
piperidine  and  pyrrolidine  is  common  for  secondary  amines  and  corresponds  to 
NH2CH2+  produced  by  rearrangement.146 

Correlation  of  internal  energy  deposited  by  proton  transfer  reactions  from 
various  reagent  gases  with  metastable  kinetic  energy  release  was  not  possible 
due  to  the  lack  of  metastable  ions  with  reagent  gases  other  than  methane. 


One  way  to  estimate  the  energy  deposited  by  the  ionization  technique  and 
its  effect  on  HE-CID  is  to  compare  the  fragmentation  efficiency  for  the  (M+H)+ 
ions  formed  by  CI  with  the  different  reagent  gases. 

The  fragmentation  efficiency  (Ef)  is  simply  the  fraction  of  detected  ions  that 
are  fragment  ions22  and  is  given  by 


(3-5) 


where  EF/  is  the  sum  of  the  intensities  of  all  the  fragment  ions  and  P  is  the 
remaining  precursor  ion  intensity.  In  these  studies,  fragmentation  efficiency  was 
monitored  as  the  collision  gas  pressure  was  increased.  Because  the  pressure  of 
the  collision  gas  is  typically  not  measured  directly  in  the  collision  cell  of  a  sector 
mass  spectrometer  but  rather  at  a  nearby  location,  it  has  been  suggested  that 
precursor  ion  transmission  (P/P0)  or  attenuation  (1-P/P0)  be  measured  instead  of 
pressure.22,42  P0  is  defined  as  the  parent  ion  intensity  when  no  collision  gas  is 
introduced.  Although  measuring  attenuation  takes  care  of  differences  in  collision 
cell  designs  and  pressure  gauges  and  facilitates  comparison  of  data  taken  in 
different  instruments  2242  it  will  be  shown  in  this  chapter  that  for  these  studies 
pressure  graphs  provide  more  revealing  information. 

The  dependence  of  HE-CID  fragmentation  efficiency  on  the  collision  gas 
pressure  (plotted  as  attenuation  and  as  pressure  measured  directly  in  the 
analyzer  region)  and  on  the  reagent  gas  used  for  chemical  ionization  is  shown  in 
Figure  3-2  for  the  6-membered  ring  heterocycle  piperidine.  As  can  be  seen  for 
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Figure  3-2.  Fragmentation  efficiency  curves  for  the  HE-CID  of  (M+H)+  ions  of 
piperidine  produced  CI  with  methane,  isobutane  and  ammonia  as  a  function  of 
A.  Attenuation,  B.  Analyzer  pressure. 
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each  curve,  as  collision  gas  pressure  is  increased,  the  amount  of  internal  energy 
deposited  into  the  precursor  ion  increases  due  to  increasing  probability  of 
collisions  and  therefore  the  fragmentation  efficiency  increases.  Note  that  for  the 
fragmentation  efficiency  curve  plotted  against  attenuation  (Figure  3-2.  A)  there  is 
some  overlap  between  the  methane  and  isobutane  CI  curves  up  to  about  90% 
attenuation.  The  highest  fragmentation  efficiencies  were  observed  for  (M+H)+ 
ions  generated  with  methane  CI,  the  lowest  for  ammonia  CI,  and  in  between  for 
isobutane  CI.  In  contrast,  as  can  be  seen  in  Figure  3-2  B,  the  fragmentation 
efficiency  curves  plotted  as  a  function  of  collision  gas  pressure  (measured  as 
analyzer  pressure)  for  the  (M+H)+  ions  are  consistent  throughout  the  pressure 
range,  with  the  fragmentation  efficiencies  for  the  (M+H)+  ions  generated  by 
methane  CI  the  highest,  followed  by  those  of  isobutane  CI,  in  turn  followed  by 
those  of  ammonia  CI.  The  pressure  graphs  indicate  that,  as  expected,  methane 
CI  produces  (M+H)+  ions  with  more  internal  energy  than  those  formed  by 
isobutane  CI,  which  are  in  turn  more  energetic  than  the  ions  produced  by 
ammonia  CI.  Even  under  multiple  collision  conditions,  the  fragmentation 
efficiency  is  still  affected  by  the  energy  deposited  by  the  ionization  technique;  the 
HE-CID  process  does  not  impart  enough  energy  to  mask  these  internal  energy 
differences. 

For  a  better  understanding  of  the  differences  observed  in  the  graphs 
shown  in  Figure  3-2  A  and  B,  the  relationship  between  attenuation  and  collision 
gas  pressure  needs  to  be  established.  Figure  3-3  shows  the  relationship 
between  attenuation  of  (M+H)+  ions  of  piperidine  produced  by  chemical  ionization 
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Pressure  (mbar) 


Figure  3-3.  Measurement  of  precursor  ion  attenuation  as  a  function  of  analyzer 
pressure  for  HE-CID  of  (M+H)+  ions  of  piperidine  generated  by  CI  with  methane, 
isobutane  and  ammonia. 
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with  methane,  isobutane  and  ammonia  and  the  analyzer  pressure,  which  is  the 
parameter  measured.  As  can  be  seen,  the  attenuation  at  a  given  pressure  is 
consistently  less  for  isobutane  CI  than  for  methane  or  ammonia  CI.  Although  the 
origin  if  this  difference  is  not  clear  (it  is  not  seen  in  some  of  the  other  compounds 
studied),  it  has  the  effect  of  shifting  the  isobutane  curve  in  Figure  3-2  A  to  the 
right,  causing  it  to  cross  the  methane  curve.  Thus,  the  data  presented  in  this 
chapter  are  plotted  versus  analyzer  pressure,  not  attenuation. 

As  shown  in  Figure  3-2  B,  increasing  the  collision  gas  pressure  increases 
the  fragmentation  efficiency;  the  collection  efficiency,  however,  decreases  as  the 
collision  gas  pressure  increases  due  to  scattering  and  neutralization  losses.  The 
collection  efficiency  (Ec)  represents  the  ratio  of  ions  leaving  the  collision  region 
that  are  collected  to  those  entering  the  collision  cell22  and  is  given  by  the 
equation: 


Figure  3-4  shows  how  the  collection  efficiency  of  piperidine  ions  changes 
as  a  function  of  attenuation  or  collision  gas  pressure  (measured  as  analyzer 
pressure)  and  chemical  ionization  reagent  gas.  As  can  be  seen,  the  collection 
efficiency  is  100%  when  there  is  no  collision  gas  present.  For  the  ions  formed  by 
CI  with  methane,  isobutane  and  ammonia,  the  collection  efficiencies  decrease 
almost  linearly  and  are  virtually  undistinguishable  from  one  another  when  beam 
attenuation  increases  due  to  scattering  and  neutralization  reactions  of  the  ions 
occurring  in  the  collision  cell.  As  has  been  noted  before,  the  use  of  attenuation 
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Figure  3-4.  Collection  efficiency  curves  for  the  HE-CID  of  (M+H)+  ions  of 
piperidine  produced  by  CI  with  methane,  isobutane  and  ammonia  as  a  function  of 
A.  Attenuation,  B.  Analyzer  pressure. 
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hides  the  true  nature  of  the  collection  efficiency.22  For  collection  efficiency 
evaluated  as  a  function  of  pressure  in  the  analyzer  (Figure  3-4  A),  at  a  given 
pressure,  the  collection  efficiency  is  highest  for  ions  formed  by  isobutane  CI, 
followed  by  the  collection  efficiency  of  ions  formed  by  ammonia  CI,  in  turn 
followed  by  those  generated  by  methane. 

As  was  mentioned  before,  as  fragmentation  efficiency  increases,  the 
collection  efficiency  decreases.  The  product  of  these  two  values  is  called  the 
overall  CID  efficiency  (Ecid)-  It  accounts  for  fragmentation,  neutralization  and 
scattering  losses  during  the  CID  process.  The  real  value  for  the  current  study  of 
plotting  overall  CID  efficiency,  however,  is  that  it  provides  a  much  better  way  to 
view  differences  in  efficiencies  at  low  attenuations  than  does  plotting 
fragmentation  efficiencies.  The  overall  CID  efficiency  has  been  defined  as  the 
fraction  of  initial  precursor  ion  that  is  converted  to  collected  product  ions  or  the 
total  fragment  ion  current  divided  by  the  ion  current  of  the  precursor  ion  entering 
the  collision  cell22  and  can  be  written  as: 

Ec/D=^-  =  E,xEc  (3-7) 

The  overall  CID  efficiency  plots  for  (M+H)+  ions  of  piperidine  generated  by 
CI  with  methane,  isobutane  and  ammonia  as  a  function  of  attenuation  and 
analyzer  pressure  are  shown  in  Figure  3-5  A  and  B,  respectively.  As  collision 
gas  pressure  is  increased,  overall  CID  efficiency  curves  typically  show  an 
increase,  then  level  off.  A  decrease  is  observed  at  high  pressures  due  mostly  to 
scattering  losses.  As  can  be  observed,  by  evaluating  the  overall  efficiency  of  the 
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Figure  3-5.  Overall  CID  efficiency  curves  for  the  HE-CID  of  (M+H)+  ions  of 
piperidine  produced  by  CI  with  methane,  isobutane  and  ammonia  as  a  function  of 
A.  Attenuation,  B.  Analyzer  pressure. 
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HE-CID  process  as  a  function  of  either  attenuation  or  pressure,  the  highest 
values  are  obtained  for  ions  generated  by  isobutane  CI,  followed  by  those  of 
methane  CI.  The  lowest  overall  efficiencies  are  observed  for  ions  produced  by 
ammonia  CI.  Note  that  the  high  values  of  the  collection  efficiency  for  isobutane 
CI  generated  ions  are  amplified  in  these  graphs. 

The  primary  goal  of  this  study  is  to  evaluate  the  effect  of  internal  energy 
on  the  fragmentation  process.  Thus,  it  is  most  informative  to  examine  the 
fragmentation  efficiency  curves  rather  than  the  collection  or  overall  efficiency 
curves,  both  of  which  are  affected  by  scattering  and  neutralization  losses. 
Furthermore,  it  is  preferable  to  plot  fragmentation  efficiency  versus  analyzer 
pressure  rather  than  attenuation,  since  attenuation  is  also  affected  by  scattering 
and  neutralization  losses. 

Figure  3-6  shows  how  the  fragmentation  efficiencies  for  HE-CID  of  (M+H)+ 
ions  of  pyridine,  pyrrolidine  and  pyrrole  change  as  a  function  of  collision  gas 
pressure  and  CI  reagent  gas  (for  comparison,  the  corresponding  curves  for 
piperidine  are  shown  in  Figure  3-2  B).  As  anticipated,  fragmentation  efficiency 
increases  as  collision  gas  pressure  is  increased;  the  internal  energy  of  the 
(M+H)+  ions  increases  as  the  number  of  collisions  increases,  resulting  in  more 
fragmentation.  In  all  cases,  the  (M+H)+  ions  generated  by  methane  CI  produced 
the  highest  fragmentation  efficiencies,  followed  by  those  produced  by  isobutane 
CI,  in  turn  followed  by  those  formed  by  ammonia  CI;  this  is  in  agreement  with  the 
large  internal  energy  deposited  into  the  (M+H)+  ions  by  CI  with  reagent  gases  of 
lower  proton  affinities.  Notice  that  the  fragmentation  efficiencies  at  any  given  gas 
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Figure  3-6.  The  effect  of  collision  gas  pressure  (measured  as  analyzer  pressure) 
and  CI  reagent  gas  on  fragmentation  efficiency  of  (M+H)+  ions  from  A.  Pyridine, 
B.  Pyrrolidine,  C.  Pyrrole. 
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gas  pressure  of  the  five-membered  heterocycles  pyrrolidine  and  pyrrole  (Figure 
3-6  B  and  C,  respectively)  are  much  higher  than  those  of  the  six-membered 
compounds  piperidine  (Figure  3-2  B)  and  pyridine  (Figure  3-6  A),  independent  of 
the  saturation  of  the  ring.  This  is  expected  since  in  general,  six-membered  ring 
compounds  are  more  stable  than  five-membered  rings. 

It  has  been  claimed10  that  a  unique  advantage  of  CID  spectra  for  ion 
structure  determination  is  their  insensitivity  to  ion  internal  energy,  if  the  peaks 
resulting  from  low  activation  energy  pathways  are  ignored;  if  that  assumption  is 
valid,  the  CID  spectra  of  precursor  ions  of  the  same  structure  formed  with 
different  internal  energies  will  have  the  same  relative  abundances  within 
statistical  error.  The  results  presented  here  indicate  that  fragmentation 
efficiencies  of  the  heterocyclic  compounds  are  a  function  of  the  internal  energy 
deposited  during  ionization.  Note  that  the  fragmentation  efficiencies  are  a 
function  of  the  total  intensity  of  the  product  ions  in  the  CID  spectra;  the  relative 
abundances  may  or  may  not  be  affected. 

To  get  a  better  understanding  of  the  effect  of  internal  energy  on  relative 
abundances  of  product  ions,  the  intensity  ratios  of  several  product  ions  in  the  HE- 
CID  spectrum  of  (M+H)+  ions  of  piperidine  were  plotted  as  a  function  of  collision 
gas  pressure  and  CI  reagent  gas.  For  each  ion  and  at  each  pressure  ten  scans 
were  averaged  and  the  relative  intensity  of  the  fragment  ions  were  plotted. 

Figure  3-7  shows  the  effect  of  varying  the  collision  gas  pressure  and  the 
CI  reagent  gas  on  several  ion  ratios  from  HE-CID  of  protonated  piperidine.  The 
ions  used  for  these  ratios  range  from  metastable  ions  (m/z  30,  69)  to  ions  formed 
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Figure  3-7.  The  effect  of  collision  gas  pressure  (measured  as  analyzer  pressure) 
and  CI  reagent  gas  on  several  fragment  ion  ratios  from  protonated  piperidine. 
HE-CID  5keV,  helium  used  as  collision  gas.  m/z  30  and  69  are  metastable  ions. 
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purely  during  CID  (m/z  41,  56).  As  can  be  observed,  in  all  cases,  at  a  given 
collision  gas  pressure  the  ion  ratios  are  higher  for  ions  formed  by  HE-CID  of  the 
(M+H)+  ions  produced  by  methane  CI,  followed  by  those  of  the  ions  formed  by 
isobutane  CI,  in  turn  followed  by  those  of  the  ions  formed  by  ammonia  CI.  Recall 
that  m/z  69  and  30  are  metastable  ions  from  (M+H)+  of  piperidine,  and  thus  are 
formed  by  low  activation  energy  pathways.  Notice  that  the  69/30  ion  ratio  with 
methane  CI  is  2  to  20  times  higher  than  for  isobutane  or  ammonia  CI  at  the  same 
pressure.  Clearly,  internal  energy  has  an  enormous  effect  on  this  ratio.  As 
collision  gas  pressure  is  increased,  the  69/30  ratios  get  to  a  point  where  they 
level  off  and  remain  nearly  constant.  The  behavior  observed  for  the  metastable 
ions  was  expected,  since  ion  internal  energies  have  been  reported  to  have  an 
effect  on  relative  abundances  of  ions  of  low  activation  energies  such  as  the 
metastable  ions. 

Ion  ratios  were  also  evaluated  for  ions  that  are  formed  only  from  CID 
processes  (m/z  41  and  56)  and  from  a  combination  of  metastable  and  CID 
processes  (m/z  30  and  56).  For  the  graphs  considering  41/56  and  30/56  ratios, 
and  within  the  experimental  error,  it  can  be  seen  that  there  is  a  clear  effect  of  the 
precollisional  internal  energy  on  the  product  ion  ratios,  as  given  by  the  order  of 
the  curves.  In  these  graphs,  methane  is  always  the  top  curve,  followed  by 
isobutane,  in  turn  followed  by  the  curve  obtained  under  ammonia  CI.  In  general, 
even  though  these  are  not  ions  formed  via  low  activation  energy  pathways,  the 
effect  of  precollisional  internal  energy  was  not  masked  by  the  energy  deposited 
by  the  CID  process. 
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Calculation  of  ion  ratios  was  also  possible  for  ions  resulting  from  the  HE- 
CID  of  (M+H)+  from  pyridine.  Metastable  ions  from  pyridine  were  not  observed, 
as  shown  before  in  Table  3-2,  even  when  methane,  which  imparts  approximately 
4eV  of  internal  energy,  was  used  as  CI  reagent  gas.  The  CID  process,  in 
contrast,  produced  ions  at  m/z  27,  28,  39  and  52.  In  Figure  3-8  the  28/52,  27/52 
and  39/52  ion  ratios  are  plotted  as  a  function  of  collision  gas  pressure  and  CI 
reagent  gas.  Note  that  in  all  cases  there  is  a  clear  separation  among  the  curves 
obtained  with  methane,  isobutane  and  ammonia  CI.  As  can  be  seen,  the 
methane  CI  curves  are  followed  by  the  isobutane  CI  and  in  turn  followed  by 
ammonia  CI.  Indeed,  the  28/52  ion  ratio  is  approximately  2  times  higher  for 
pyridine  (M+H)+  ions  produced  by  methane  or  isobutane  CI  than  for  those 
produced  by  ammonia.  Clearly,  produced  ion  ratios  are  significantly  affected  by 
choice  of  CI  reagent  gas.  This  indicates  that  the  effect  of  precollisional  internal 
energy  is  still  observed  under  HE-CID  conditions,  even  when  the  ions  are  not 
formed  by  low  activation  energy  processes. 
LE-CID  vs.  HE-CID 

The  effect  of  the  collision  gas  pressure  and  collision  energy  on  the 
appearance  of  CID  spectra  is  generally  more  pronounced  at  low  energies  (<  100 
eV)  than  at  high  energies59  (keV).  Thus,  it  should  be  informative  to  compare  the 
effect  of  reagent  gas  identity  and  collision  gas  pressure  on  LE-CID  with  those  on 
HE-CID. 

LE-CID  spectra  were  obtained  with  argon  as  collision  gas  for  the  (M+H)+ 
ions  from  pyridine,  pyrrolidine  and  pyrrole  at  different  energies  and  collision  gas 
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Figure  3-8.  The  effect  of  collision  gas  pressure  (measured  as  analyzer 
pressure)  and  CI  reagent  gas  on  several  fragment  ion  ratios  from  protonated 
pyridine.  HE-CID  5keV,  helium  used  as  collision  gas. 
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pressures.  LE-CID  of  pyridine  showed  only  one  product  ion,  m/z  53,  so  no  ion 
ratios  could  be  calculated.  LE-CID  spectra  of  piperidine  was  not  obtained  due  to 
instrumental  problems.  Thus  for  the  two  compounds  pyrrolidine  and  pyrrole,  it  is 
possible  to  compare  LE-CID  and  HE-CID  ion  ratios. 

Decomposition  of  protonated  pyrrolidine  by  low-energy  CID  showed 
intense  ions  at  m/z  18,  30,  44  and  55.  Recall  that  m/z  30  was  a  metastable  ion  in 
the  HE-CID  spectrum,  and  thus  must  arise  from  a  low  activation  energy  pathway. 
Ion  ratios  were  calculated  between  m/z  55  and  m/z  30  at  both  high-  and  low- 
collision  energies.  Figure  3-9  shows  the  effect  of  collision  gas  pressure  and  CI 
reagent  gas  on  the  55/30  fragment  ion  ratios  resulting  from  (M+H)+  ions  from 
pyrrolidine.  The  ratios  in  HE-CID  (Figure  3-9  A)  are  consistent  throughout  the 
entire  pressure  range  with  ratios  for  methane  CI  higher  than  those  of  isobutane 
CI,  in  turn  followed  by  those  of  ammonia  CI.  For  LE-CID  at  65  eV,  as  shown  in 
Figure  3-9  B,  ammonia  CI  shows  the  lowest  ratios,  but  methane  and  isobutane 
CI  curves  overlap  from  approximately  6X1 0"6  to  1X10"5  mbar.  Clearly,  internal 
energy  imparted  during  CI  has  a  significant  effect  on  the  decomposition  of 
pyrrolidine  by  both  LE-CID  and  HE-CID  spectra;  the  differences  in  internal 
energy  from  the  ionization  technique  become  less  important,  however,  upon 
multiple  collisions  at  high  collision  gas  pressures  in  LE-CID. 

Observations  on  the  relative  intensities  of  two  product  ions  formed  through 
competing  reactions  during  CID  of  (M+H)+  ions  of  pyrrole  are  shown  below. 
Figures  3-10  A  and  3-10  B  show  the  relative  intensities  of  ions  m/z  41  and  m/z  39 
formed  under  high-  and  low-energy  CID,  respectively.  As  can  be  seen,  for  LE- 
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Figure  3-9.  The  effect  of  collision  gas  pressure  (measured  directly  as  analyzer 
pressure)  and  CI  reagent  gas  on  the  55/30  fragment  ion  ratio  from  protonated 
pyrrolidine.  A.  HE-CID  5keV,  B.  LE-CID  65  eV.  m/z  30  is  a  metastable  ion. 
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CID,  m/z  41  is  predominant  over  m/z  39  (i.e.,  the  ratio  is  greater  than  1)  in  all 
three  CI  experiments.  The  ratios  of  intensities  for  m/z  41  to  m/z  39  range  from 
75:1  to  6:1.  In  contrast,  for  HE-CID,  the  relative  intensity  of  these  two  ions  is 
generally  about  1:1,  suggesting  a  more  energetic  process  for  the  formation  of 
m/z  39.  Shown  below  are  the  neutral  losses  involved  in  the  formation  of  m/z  39 
and  m/z  41,  along  with  the  proton  affinities143  of  the  neutrals  that  are  lost. 


(  Pyrrole  +  H  )+   — ►  C2H3N+ 

PA=180  kcal/mol 
m/z  68  m/z  41 


-ChUN  i|  + 

(  Pyrrole  +  H  )  ►  U3H3 

PA=203.8  kcal/mol 

m/z  68  m/z  39 


According  to  Field's  rule,147  the  more  favored  neutral  loss  from  (M+H)+  in  CI 
would  be  that  of  the  lowest  proton  affinity.  This  has  also  been  shown  by 
McLafferty148  in  relative  abundances  of  CID  products  resulting  from  competing 
reactions.  Thus,  if  we  compare  the  two  reactions  pathways  that  give  origin  to 
m/z  39  and  m/z  41,  we  can  see  that  the  loss  of  C2H3  (PA=180  kcal/mol)  to  form 
m/z  41  would  be  more  favored  than  the  loss  of  CH3N  (PA=203.8  kcal/mol)  to 
form  m/z  39,  as  it  is  under  LE-CID.  It  suggests  that  formation  of  m/z  39  ion 
involves  a  reaction  channel  available  at  higher  energies,  not  only  because  its 
relative  intensity  is  considerably  higher  in  HE-CID  than  in  LE-CID,  but  also 
because  its  relative  intensity  increases  at  higher  collision  gas  pressures.  Clearly, 
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Figure  3-10.  The  effect  of  collision  gas  pressure  (measured  directly  as  analyzer 
pressure)  and  CI  reagent  gas  on  the  41/39  fragment  ion  ratio  from  protonated 
pyrrole.  A.  HE-CID  5keV,  B.  LE-CID  65  eV.  m/z  41  is  a  metastable  ion. 
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the  product  ion  relative  intensities  in  both  high-  and  low-energy  CID  are  affected 
by  internal  energy  imparted  during  ionization.  These  effects  are  more 
pronounced  in  LE-CID,  where  the  ratio  varies  by  up  to  a  factor  of  10  as  reagent 
gas  is  changed. 

Conclusions 

The  (M+H)+  ions  of  the  five-membered  ring  heterocyclic  compounds, 
pyrrole  and  pyrrolidine,  have  higher  fragmentation  efficiencies  than  the  six- 
membered  rings,  which  agrees  with  lower  stability  of  the  five-membered 
compounds;  therefore,  more  fragmentation  is  induced  in  these  systems. 

The  fragmentation  efficiencies  in  HE-CID  clearly  correlate  with  the  amount 
of  internal  energy  deposited  by  the  ionization  technique  for  the  five-  and  six- 
membered  ring  compounds  studied. 

For  high-  and  low-energy  CID  of  (M+H)+  ions  of  pyrrolidine  and  pyrrole, 
the  low-energy  process  is  more  sensitive  to  changes  in  internal  energy.  High- 
energy  CID  spectra  include  more  abundant  product  ions  from  reaction  channels 
that  open  up  at  high  energies. 

Neutralization-reionization  studies  and  calculations  have  shown149,150  that 
under  isobutane  and  ammonia  CI  protonation  of  pyrrole  occurs  on  the  ring 
carbon  atoms  rather  than  on  the  nitrogen.  In  contrast,  pyridine  is  protonated 
exclusively  on  the  nitrogen  under  isobutane  and  ammonia  CI;  under  methane  CI, 
it  can  be  protonated  on  the  nitrogen  or  on  the  ring  carbons.  The  difference  in 
protonation  sites  may  play  a  role  in  some  of  the  differences  observed  in  our 
experiments;  this  will  be  addressed  in  future  studies. 


CHAPTER  4 

COMPARISON  OF  MALDI  POST-SOURCE  DECAY  TO  LOW-  AND  HIGH- 
ENERGY  CID 

Introduction 

Matrix-assisted  laser  desorption  ionization  (MALDI)34  was  developed  in 
the  late  80s  and  has  emerged  as  an  extremely  sensitive  ionization  technique  for 
a  variety  of  compounds.  The  use  of  a  matrix  in  laser  desorption  enhances  the 
desorption  and  ionization  processes,  facilitating  the  analysis  of  nonvolatile  and 
labile  analytes.  Ions  generated  by  MALDI  are  commonly  analyzed  with  time-of- 
flight  mass  spectrometers  (TOF-MS).  These  mass  analyzers  are  convenient 
because  of  their  compatibility  with  pulsed  ionization  techniques  as  well  as  their 
theoretically  unlimited  mass  range,  high  ion  transmission  and  simplicity.  A  major 
limitation  of  TOF-MS  instruments  is  their  relatively  poor  mass  resolution.  The 
coupling  of  reflectrons151  to  TOF-MS  instruments  has  provided  a  remarkable 
improvement  to  the  resolution  problems.  It  has  been  demonstrated  that  the 
energy-resolving  characteristics  of  reflectron  TOF  instruments  make  it  possible  to 
disperse  and  observe  fragment  ions  that  are  formed  in  the  drift  region  of  a  TOF- 
MS  in  an  experiment  analogous  to  tandem  mass  spectrometry.152  This 
fragmentation,  known  as  post-source  decay  (PSD),153  apparently  stems  from  a 
combination  of  excess  internal  energy  imparted  to  the  analyte  ion  during  the 
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ionization  event  and  multiple  collisions  with  desorbed  species  during  ion 
acceleration  through  the  dense  plume.154 

The  MALDI  mechanism  of  ion  formation  is  complex  and  involves  both 
condensed-phase  and  gas-phase  reactions.  Several  models  have  been 
developed  to  explain  the  desorption  mechanism  of  large  molecules  in 
MALDI. 155,156,157  All  these  models  include  a  fast  heating  step  of  thin  layers  of 
material,  but  involve  different  processes  for  energy  deposition  during  desorption. 
The  ionization  mechanism  of  MALDI  is  not  well  understood;  it  seems  to  occur  in 
a  separate  step  in  the  expanding  plume  of  desorbing  materials  as  a  result  of 
matrix  and  analyte  reactions.  MALDI  spectra  are  often  dominated  by  matrix 
photoproducts,  adduct  ions,  and  protonated  molecules.  It  has  been  proposed 
that  excited-state  protonated  matrix  molecules  formed  during  this  process  act  as 
proton  donors  for  the  analytes158,159,160  during  the  ionization  process.  Thus,  the 
internal  energy  of  the  ions  formed  in  MALDI,  in  a  similar  way  to  ions  formed  by 
CI,  should  depend  upon  the  exothermicity  of  the  proton  transfer  reaction,  which 
in  turn  depends  on  the  matrix  used.  Other  studies  suggest  that  ion-molecule 
reactions  between  matrix  molecular  ions  and  analytes  with  the  mediation  of  a 
radical  ion  are  responsible  for  ionization.161  Some  authors  have  shown  that  the 
choice  of  matrix  can  strongly  affect  the  extent  of  PSD.  Karas  and  coworkers158 
reported  that  3-hydroxypicolinic  acid  allowed  desorption  of  intact  glycoproteins 
with  labile  functional  groups,  while  4-hydroxy-a-cyanocinnamic  acid  induced 
strong  metastable  fragmentation.  The  use  of  so-called  "cold"  matrices  such  as 
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2,5-dihydroxybenzoic  acid  and  DHAP/DAHC,  a  mixture  of  2,6-dihydroxy 
acetophenone  and  diammonium-hydrogen  citrate  has  also  shown  to  minimize 
PSD  fragmentation.162  Matrices  with  low  proton  affinities  such  as  4-hydroxy-a- 
cyanocinnamic  acid,  have  been  shown  to  give  high  yields  of  multiply  charged 
ions163 164  which  supports  the  hypothesis  that  gas-phase  proton  transfer  reactions 
play  an  important  role  in  the  formation  of  ions  during  MALDI. 

There  have  been  several  publications  comparing  MALDI-PSD  spectra  to 
CID  spectra  of  ions  formed  by  fast  atom  bombardment  (FAB)  and  electrospray 
ionization  (ESI).  Rouse  et  al.165  reported  that  for  peptides,  the  fragments  formed 
by  MALDI-PSD  and  LSIMS-low-energy  CID  were  remarkably  similar.  Kaufmann 
et  al.166  observed  that  in  reflectron  TOF-MS  the  cleavage  pattern  of  PSD 
products  of  medium  size  peptides  is  different  from  that  obtained  by  high-energy 
and  low-energy  CID  of  ions  formed  by  FAB,  LSIMS  and  ESI.  Hsu  and  Gross167 
compared  high-energy  CID  of  Acyl-Coenzyme  A  (M+H)+  ions  from  FAB  and  ESI 
to  MALDI-PSD  and  concluded  that  these  three  methods  yield  similar  CID 
spectra;  they  also  concluded  that  MALDI-TOF  analysis  is  50-100  times  more 
sensitive  than  FAB  and  20  times  more  sensitive  than  ESI. 

Here  are  reported  comparative  studies  of  liquid  secondary  ion  mass 
spectrometry  (LSIMS)-CID  (high  and  low  energy  collision  regimes)  and  MALDI- 
PSD  in  order  to  understand  the  energetics  of  the  PSD  and  CID  processes.  An 
evaluation  of  several  matrices  and  their  role  in  inducing  PSD  is  also  shown. 
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Some  of  the  matrices  studied  are  considered  "hot"  matrices,  which  give 
extensive  PSD,  while  others  are  known  to  induce  little  PSD. 

Experimental 

Bovine  p-casomorphin,  des-arg9  bradykinin  and  tylosin  were  obtained 
from  Sigma  Chemical  Co.  (St.  Louis,  MO).  Erythromycin  A  was  purchased  from 
ICN  Pharmaceuticals  Inc.  (Costa  Mesa,  CA).  These  compounds  were  used  as 
received  without  additional  purification. 

One  nanomole  per  microliter  stock  solutions  were  prepared  and  used  for 
LSIMS  analysis.  Bovine  p-casomorphin  and  des-arg9  bradykinin  were  dissolved 
in  acetonitrile/water  (70:30  v/v).  Tylosin  and  Erythromycin  A  were  dissolved  in 
methanol.  For  MALDI  experiments,  these  solutions  were  diluted  with 
acetonitrile/water  (70:30  v/v)  to  a  final  concentration  of  10  pmol/uL. 
MALDI-PSD 

a-Cyano-4-hydroxy-cyanocinnamic  acid  (a-CHCA),  2,5-dihydroxybenzoic 
acid  (DHB),  3-trans-indoleacrylic  acid  (IAA)  and  a  9:1  mixture  of  DHB  with  2- 
hydroxy-5-methoxybezoic  acid  (HMBA)  referred  to  as  super-DHB  (s-DHB)  were 
supplied  by  Aldrich  Chemical  Co.  (Milwaukee,  Wl).  Structures  of  these 
compounds  are  shown  in  Figure  4-1.  Saturated  matrix  solutions  were  made  at  a 
concentration  of  10  mg/ml  in  a  mixture  acetonitrile/water  (30:70  v/v). 

Samples  were  prepared  by  the  dried  droplet  method4.  Ten  microliters  of 
the  10-pmol/pL  analyte  solutions  were  mixed  with  5uL  of  matrix  solution.  One 
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Figure  4-1.  Structures  and  proton  affinities  of  the  compounds  used  as  MALDI 
matrices.  a-CHCA:  alpha-Cyano-4-hydroxycinnamic  acid;  DHB:  2,5- 
Dihydroxybenzoic  acid;  IAA:  trans-3-lndoleacryIic  acid;  HMBA:  2-Hydroxy-5- 
methoxybenzoic  acid. a  proton  affinity  values  taken  from  reference  185. 
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microliter  of  this  mixture  was  deposited  onto  a  stainless  steel  sample  plate  and 
air  dried  before  analysis. 

MALDI-PSD  mass  spectra  were  obtained  on  a  Voyager  RP 
Biospectrometry  Workstation  (PerSeptive  Biosystems,  Framingham,  MA)  fitted 
with  a  337-nm  nitrogen  laser  (3ns  pulse).  The  extraction  voltage  was  20  kV. 
Precursor  ions  in  PSD  were  selected  with  a  resolution  of  60,  which  was  enough 
to  differentiate  (M+H)+  from  (M+Na)+  ions.  PSD  spectra  were  generated  by 
"stitching  together"  several  reflectron  TOF  spectral  segments,  each  produced  by 
accumulating  data  from  128  laser  shots  and  optimized  for  a  certain  range  of 
mass-to-charge  ratio  of  fragment  ions.  Time  to  mass  conversion  and  calibration 
was  obtained  by  using  a  2  pmol/uL  solution  of  human  angiotensin  I  (Sigma). 
LSIMS-CID 

CID  experiments  were  performed  using  a  Finnigan  MAT  95Q  (BEoQ 
configuration)  instrument  (Finnigan  MAT,  San  Jose,  CA).  Ions  were  generated 
by  liquid  secondary  ion  mass  spectrometry  (LSIMS)  using  a  15  keV  cesium  ion 
gun.  3-nitrobenzyl  alcohol  (NBA)  supplied  by  Aldrich  Chemical  Co  was  used  as 
matrix.  Approximately  1-5  nmols  of  compound  were  loaded  on  a  copper  probe  tip 
and  mixed  with  2     of  matrix.  An  accelerating  voltage  of  4750  V  was  used. 

High-energy  CID  was  carried  out  in  the  second  field-free  region  between 
the  magnet  and  the  electric  sector.  The  precursor  ion  beam  was  attenuated  by 
50%  with  helium.  For  low-energy  CID,  the  precursor  ion  beam  was  decelerated 
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to  50  eV  (laboratory  frame)  in  the  octopole  collision  cell  and  attenuated  by  50  % 
by  collisions  with  argon. 

Results  and  Discussion 

Hiqh-and  Low-Energy  Collision-Induced  Dissociation  Spectra 

Des-arq9  bradvkinin  (H-RPPGFSPF-OH) 

High-  and  low-energy  CID  spectra  of  the  (M+H)+  ion  from  des-arg9- 
bradykinin  produced  by  LSIMS  are  shown  in  Figure  4-2.  There  are  sufficient 
ions  in  both  spectra  to  obtain  sequence  information  on  the  peptide.  As  is 
apparent  from  the  peak  assignments,  the  (M+H)+  ions  from  des-arg9  bradykinin 
fragment  so  that  ions  containing  the  N-terminus  are  dominant  in  both  spectra,  as 
indicated  by  the  presence  of  mostly  a-type  ions.  These  ions  have  been  shown  to 
have  a  high  energetic  requirement,168  which  is  favored  in  HE-CID.  N-terminal 
cleavages  are  expected  to  dominate  the  mass  spectra  of  peptides  with  arginine 
at  the  N-terminus169  since  this  basic  amino  acid  serves  to  localize  the  positive 
charge  and  to  direct  fragmentation.170,171  Note  that  in  the  HE-CID  spectrum  the 
peaks  are  very  broad  due  to  the  use  of  a  kinetic  energy  analyzer  as  the  second 
stage  of  mass  analysis.  This  kinetic  energy  spread  may  cause  problems  in  the 
interpretation  and  identification  of  the  signals  in  the  spectrum.  The  LE-CID 
spectrum  (Figure  4-2  B)  is  rich  in  ions  resulting  from  internal  cleavages  of  the 
peptide  backbone,  such  as  those  peaks  identified  as  PG,  PP,  PGF,  PPGF,  etc., 
(which  are  useful  in  determining  the  sequence  of  the  peptide)  but  most  of  them 
also  seem  to  be  present  in  HE-CID  spectrum  at  relative  abundances  not  all  that 
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Figure  4-2.  Product  ion  spectra  of  (M+H)+  ions  from  des-arg9  bradykinin  (H- 
RPPGFSPF-OH)  (m/z  904).  A.  HE-CID  (5keV)  B.  LE-CID  (50eV). 
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much  smaller,  just  harder  to  see  because  of  limited  resolution.  Internal  fragment 
ions  from  peptides  were  first  noticed  in  low-energy  CID  spectra  by  Hunt  and 
coworkers.172  In  this  collision  energy  regime  a-  and  b-type  series  ions  along  with 
peaks  at  17  Da  lower  due  to  the  loss  of  ammonia  from  the  N-terminal  arginine 
are  observed. 

The  collision  process  is  more  efficient  at  low  energies  than  at  high 
energies  (note  that  the  (M+H)+  ion  is  400  times  off-scale  in  the  HE-CID  spectrum, 
vs.  only  12  times  off-scale  on  the  LE-CID  spectrum);  more  intense  low  mass  ions 
are  also  observed  in  the  LE-CID  spectrum.  The  fact  that  mass  analysis  on  the 
quadrupole  mass  filter  is  essentially  independent  of  the  ion  kinetic  energy  makes 
it  possible  to  obtain  unit  mass  resolution  in  LE-CID.  The  presence  of  internal 
fragments  and  internal  fragments  at  28  Da  lower  is  more  pronounced  in  LE-CID. 
The  generation  of  these  ions  requires  a  minimum  of  two  amide  bond  cleavages, 
which  is  possible  in  these  experiments  as  a  result  of  multiple  collisions  and 
longer  reaction  times. 
Bovine  B-casomorphin  (H-YPFPGPI-OH) 

HE  and  LE-  CID  spectra  of  the  (M+H)+  ion  from  bovine  p-casomorphin  are 
shown  in  Figure  4-3.  As  can  be  seen,  very  abundant  yn-type  fragment  ions  are 
observed  in  both  spectra,  which  is  expected  for  cleavages  at  amino  acids 
adjacent  to  proline.  The  HE-CID  spectrum  allows  the  identification  of  the  amino 
acid  isoleucine57  present  at  position  7  by  showing  a  d7  ion  resulting  from  the  loss 
of  14  amu  from  the  corresponding  a7  ion.  Charge-remote  fragmentations  that 
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Figure  4-3.  Product  ion  spectra  of  (M+H)+  ions  from  bovine  p-casomorphin  (H- 
YPFPGPI-OH)  (m/z  790).  A.  HE-CID  (5keV)  B.  LE-CID  (50eV). 
*  indicates  product  ion  from  isobaric  matrix  ion. 
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give  origin  to  d-type  ions  are  observed  in  HE-CID  spectra  of  peptides.173,174  Highl- 
and low-energy  CID  spectra  of  bovine  (3-casomorphin  are  remarkably  similar; 
both  exhibit  fragmentation  from  both  termini,  sufficient  to  reveal  the  entire 
sequence.  This  behavior  is  expected  for  peptides  lacking  a  strong  basic  terminal 
residue  such  as  arginine,  which  can  localize  positive  charges  and  direct  the 
fragmentation  on  the  peptide  backbone.75  Side  chain  fragmentations  to  give  the 
d-type  ions  characteristic  of  isoleucine  containing  peptides  were  not  observed  in 
the  low-energy  spectrum,  which  agrees  with  previous  reports  suggesting  high 
energy  requirements  for  these  cleavages.175 176 
Tvlosin 

Tylosin  is  a  macrolide  antibiotic  that  consists  of  a  16-membered  lactone 
aglycone  ring  with  three  sugars  attached:  mycarose,  desosamine  and  mycinose. 
CID  spectra  from  the  (M+H)+  ion  of  tylosin  are  shown  in  Figure  4-4.  Note  that  the 
ions  formed  under  these  two  collision  energy  regimes  are  similar.  As  can  be 
seen  from  the  scale  factors  in  both  spectra,  the  LE-CID  process  is  more  efficient, 
therefore,  more  intense  low  mass  ions  are  observed  in  the  LE-CID  spectrum.  In 
general,  the  principal  decomposition  products  are  derived  from  cleavages  of  the 
glycosidic  bonds  with  charge  retention  on  the  amino  sugar  to  form  an  ion  at  m/z 
174  or  from  the  loss  of  the  terminal  sugars  to  give  the  fragment  Y,;  the  bond 
cleavages  are  shown  on  the  structure.  The  fragments  observed  are  consistent 
with  the  decomposition  of  other  macrolide  antibiotics.177  The  B2  ion  (m/z  319), 
which  contains  the  disaccharide  moiety,  is  produced  by  charge  retention  on  the 
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Figure  4-4.  Product  ion  spectra  of  (M+H)+  ions  from  Tylosin  (m/z  916).  A.  HE- 
CID(5keV)  B.  LE-CID  (50eV). 
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amino  sugar.  In  low-energy  CID,  due  to  longer  reaction  times  and  multiple 
collision  conditions,  the  B2  fragment  can  in  turn  lose  the  sugar  group,  which 
contributes  to  the  intense  ion  at  m/z  174  observed  in  this  spectrum  (Figure  4-4 
B).  Lower  mass  peaks  such  as  m/z  145  result  from  cleavages  on  the  terminal 
sugar  of  the  dissacharide  portion.  The  loss  of  water  from  this  peak  is  also 
observed  in  both  spectra.  The  signal  at  m/z  407,  more  resolved  in  the  LE-  than 
in  the  HE-CID  spectrum,  seems  to  correspond  to  the  aglycone  ring  after  loss  of 
the  saccharide  groups.  Peaks  due  to  successive  loses  of  water  from  m/z  407 
are  also  present  in  both  spectra.  A  similar  pattern  has  been  observed  in  our 
laboratory  by  dissociation  of  protonated  tylosin  using  infrared  multiphoton 
dissociation  (IRMPD)  and  CID  in  an  ion  trap  mass  spectrometer.178  Low  mass 
ions  at  m/z  145  are  present  in  both  HE-  and  LE-  CID  spectra  and  result  from 
cleavages  on  the  terminal  sugar  of  the  dissacharide.  These  ions  are 
accompanied  by  ions  corresponding  to  the  loss  of  water  and  more  sugar 
cleavages. 
Erythromycin  A 

Erythromycin  A  is  another  macrolide  antibiotic,  consisting  of  two  sugars, 
L-cladinose  and  D-desosamine,  attached  to  a  14-membered  lactone  aglycone 
ring.  (M+Na)+  ions  from  erythromycin  A  (m/z  756)  were  formed  in  LSIMS  by 
adding  NaCI  to  the  sample  solution.  (M+Na)+  ions  were  used  as  precursor  ions 
for  high-  and  low-energy  CID  because  (M+H)+  ions  were  not  observed  in  MALDI 
spectra  and  the  main  objective  of  these  studies  was  to  compare  CID  and  PSD 
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Figure  4-5.  Product  ion  spectra  of  (M+Na)+  ion  from  erythromycin  A  (m/z  756). 
A.  HE-CID(5keV)  B.  LE-CID  (50eV). 
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spectra.  High-  and  low-energy  CID  spectra  of  erythromycin  A  are  shown  in 
Figure  4-5.  It  is  evident  that  product  ion  spectra  of  (M+Na)+  are  very  similar 
under  low-  and  high-energy  collisions.  Apparently,  Na+  adducts  with  the 
aglycone  ring  and  fragmentation  seems  to  occur  on  the  sugars.  Loss  of  water 
from  the  (M+Na)+  ion  is  observed;  the  major  fragmentation  pathway  leads  to  a 
fragment  at  m/z  598  due  to  cleavage  of  the  glycosidic  bond  of  the  amino  sugar. 
Sequential  losses  of  water  are  also  observed  in  both  spectra,  but  are  more 
prominent  in  the  high-energy  spectrum.  An  ion  at  m/z  158  (B1a)  for  the  (dehydro- 
amino  sugar)+  appears  in  both  spectra.  Ions  at  m/z  423,  which  are  formed  by  at 
least  two  cleavages  on  both  sugars,  as  well  as  at  m/z  407  corresponding  to  the 
sodiated  core  aglycone,  are  also  observed  in  both  spectra.  Cerny  and 
coworkers177  reported  that  cationization  of  erythromycin  with  other  alkali  metals 
shows  similar  ion  abundances,  which  suggests  metal-independent 
fragmentation.  On  these  grounds,  an  ion  at  m/z  627  would  be  expected  since  it 
corresponds  to  the  elimination  of  C7H15NO  (129  Da)  from  the  amino  sugar  in 
similar  way  to  the  ions  observed  in  the  potasiated  compound.  As  can  be  seen  in 
Figure  4-5,  such  loss  is  only  observed  in  the  HE-CID  spectrum,  which  indicates  a 
highly  energetic  process  is  required  to  form  this  ion. 
MALDI  Post-Source  Decay 

Des-arq9  bradvkinin  (H-RPPGFSPF-OH) 

PSD  spectra  of  (M+H)+  ions  of  des-arg9  bradykinin  are  shown  in  Figure  4- 
6.  In  general,  the  dissociation  products  are  the  same  in  all  matrices  used  here. 
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Figure  4-6  MALDI-PSD  spectra  of  (M+H)+  ions  of  des-arg9  bradykinin  (H 
RPPGFSPF-OH)  (m/z  904)  with  A.  ot-CHCA,  B.  DHB,  C.  IAA,  D.  s-DHB. 
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Figure  4-6  continued. 
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As  can  be  seen,  there  are  very  abundant  ions  produced  by  internal  bond 
cleavages  and  internal  fragments  -  28  Da,  which  are  very  useful  in  obtaining 
sequence  information.  Note  that  most  of  the  internal  fragments  contain  proline 
as  the  first  amino  acid,  which  is  expected  for  peptides  with  proline  at  neither  the 
N-  nor  the  C-terminus.169  A  number  of  fragment  ions  from  individual  amino  acid 
residues  are  identified  as  P  (Pro),  F  (Phe)  and  R-17  from  the  arginine  residue. 
Very  abundant  an,  bn,  b„-17  and  almost  a  complete  series  of  an-17  are  also 
observed.  These  signals  at  17  Da  lower  than  the  corresponding  a-  and  b-type 
ions  are  believed  to  be  due  to  the  loss  of  ammonia  from  N-terminal  arginine.168 
Precursor  ions  in  PSD  were  selected  with  a  resolution  of  60.  The  possibility  of  a 
fraction  of  precursor  ions  is  already  deaminated  cannot  be  excluded  although 
these  fragments  are  not  observed  in  prompt  fragmentation  experiments.  It  has 
been  assumed  that  the  formation  of  an-17  and  bn-17  is  a  secondary  process, 
which  due  to  a  relatively  low  rate  constant,  requires  longer  times  to  reach  the 
yield  obtained  in  PSD.179  The  fragment  ions  and  their  distributions  are 
remarkably  similar  in  LE-CID  and  MALDI-PSD,  which  indicate  that  similar  internal 
energies  are  sampled  by  these  two  techniques. 

Comparing  the  spectra  taken  in  different  matrices,  the  most  striking 
difference  is  observed  when  ct-CHCA  is  used  (Figure  4-6  A).  As  can  be  seen, 
there  is  a  remarkable  increase  in  fragmentation  when  this  matrix  is  used  for  des- 
arg9  bradykinin.  The  spectrum  obtained  in  cc-CHCA  is  in  excellent  agreement 
with  MALDI-PSD  spectra  reported  in  previous  studies162  165  for  this  compound. 
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Bovine  B-Casomorphin  (H-YPFPGPI-OH) 

The  spectra  shown  in  Figure  4-7  allow  comparison  of  PSD  of  the  (M+H)+ 
ion  of  bovine  (3-casomorphin  using  oc-CHCA,  DHB,  IAA  and  s-DHB  as  matrices. 
There  are  not  major  differences  in  these  spectra.  All  spectra  have  similar 
distributions  of  nearly  complete  series  of  yn  and  bn  ions  accompanied  by  some 
internal  fragments.  Immonium  ions,  characteristic  of  the  amino  acids  present  in 
the  peptide,  are  also  observed  in  the  low  mass  region  and  are  identified  as  P,  F 
and  Y  (proline,  phenylalanine  and  tyrosine,  respectively).  Note  that  a  very 
intense  y4  ion  dominates  all  spectra.  In  general,  abundant  y-type  ions  are 
observed  as  a  result  of  cleavages  adjacent  to  proline  residues.172  PSD  and  LE- 
CID  spectra  show  very  similar  fragmentation  pattern.  It  is  evident  that  as  in  LE- 
CID  (Figure  4-3)  there  are  no  ions  indicating  the  presence  of  isoleucine  in  the 
PSD  spectra;  this  suggests  that  PSD  is  not  a  very  energetic  process.  Comparing 
the  MALDI-PSD  spectra  taken  in  the  four  matrices,  the  mass  spectrum  obtained 
with  s-DHB  has  the  worst  signal-to-noise  ratio  of  all  PSD  spectra.  It  is  important 
to  mention  that  the  normal  MALDI  spectrum  taken  in  s-DHB  had  also  the  lowest 
relative  intensity  for  (M+H)+  ions  of  bovine  p-casomorphin,  compared  to  the 
spectra  taken  in  the  other  three  matrices.  This  means  that  the  quality  of  the 
MALDI-PSD  spectrum  obtained  with  s-DHB  as  the  matrix  was  affected  by  the 
few  ions  formed  during  the  ionization  process. 
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Figure  4-7.  MALDI-PSD  spectra  of  (M+H)+  ions  of  bovine  p-casomorphin  (H- 
YPFPGPI-OH)  (m/z  790)  with  A.  a-CHCA,  B.  DHB,  C.  IAA,  D.  s-DHB. 
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Figure  4-7.  Continued. 
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Tvlosin 

PSD  spectra  of  (M+H)+  ions  from  tylosin  in  all  matrices  used  in  these 
analyses  are  shown  in  Figure  4-8.  As  can  be  seen,  all  spectra  have  the  same 
ions  and  the  fragmentation  process  seems  very  efficient  (even  more  efficient 
than  LE-CID)  as  indicated  by  the  high  intensity  of  the  product  ions  with  respect  to 
the  remaining  precursor  ion.  The  PSD  spectra  are  characterized,  as  were  the 
low-  and  high-energy  CID  spectra  (Figure  4-4),  by  losses  of  the  terminal  sugar 
from  the  disaccharide  moiety  to  give  a  fragment  at  m/z  772.  Cleavage  of  the 
glycosidic  linkage  close  to  the  aglycone  ring  produces  an  ion  at  m/z  598.  A 
signal  at  m/z  309  is  observed  in  all  spectra  and  is  produced  by  cleavage  of  the 
disaccharide  from  the  aglycone  ring  with  charge  retention  on  desosamine.  PSD 
of  the  (M+H)+ ion  of  tylosin  is  dominated  by  an  ion  at  m/z  174  which  corresponds 
to  the  amino  sugar  and  is  formed  by  cleavage  of  two  glycosidic  bonds.  Loss  of 
water  from  this  ion  produces  a  signal  at  m/z  156.  An  intense  signal  at  m/z  145  is 
observed  in  the  PSD  spectra,  which  has  also  been  observed  in  chemical 
ionization  spectra  of  tylosin  and  has  been  identified  as  coming  from  the  terminal 
sugar  on  the  disaccharide  moiety  of  tylosin.  Note  that  the  peaks  at  m/z  407  due 
to  the  aglycone  ring  and  the  ions  resulting  from  subsequent  loses  of  water 
observed  in  the  low-energy  CID  spectra  (Figure  4-4)  are  less  intense  in  MALDI- 
PSD. 
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Figure  4-8.  MALDI-PSD  spectra  of  (M+H)+  ions  of  tylosin  (m/z  916)  with  A.  <x- 
CHCA,  B.  DHB,  C.  IAA,  D.  s-DHB. 
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Figure  4-8.  Continued. 
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Erythromycin  A 

(M+H)+  ions  of  erythromycin  A  (m/z  734)  were  not  present  in  the  linear 
and  reflectron  MALDI  spectra;  instead,  two  peaks  at  m/z  756  and  m/z  738  were 
observed.  These  ions  were  identified  as  the  sodium  adduct  of  erythromycin  A 
and  the  corresponding  loss  of  water  from  the  sodiated  species,  respectively. 
Using  DHB  as  matrix,  Allison  and  coworkers159  found  that  DHB  tends  to  generate 
sodiated  molecules  of  hexatyrosine  even  when  no  NaCI  is  added;  they  also 
showed  that  NaCI  impurities  in  the  matrix  were  responsible  for  this  behavior.  On 
the  other  hand,  degradation  of  erythromycin  A  in  aqueous  solution  has  been 
described  in  the  literature  and  it  has  been  shown  to  destroy  the  antibiotic 
activity;180  it  has  been  demonstrated  by  ESI  that  the  major  reaction  product  in 
both  acidic  and  basic  solutions  of  erythromycin  A  is  anhydroerythromycin  A 
formed  via  an  equilibrium  of  erythromycin  and  erythromycin  enol  ether  coupled  to 
a  direct  conversion  from  erythromycin  to  dehydroerythromycin.181 182 

Because  no  protonated  erythromycin  A  ions  were  produced  by  MALDI  for 
PSD  analysis,  the  sodiated  adduct  was  selected  instead.  Figure  4-9  shows  PSD 
spectra  of  (M+Na)+  ions  from  erythromycin  A  taken  in  different  matrices.  It  can 
be  seen  in  these  spectra  that  the  major  fragmentation  pathway  involves  the  loss 
of  water  from  the  precursor  ion.  Recall  that  precursor  ion  resolution  in  PSD  is  60 
and  the  possibility  that  a  fraction  of  the  precursor  ions  were  dehydrated  cannot 
be  ruled  out,  especially  because  (M+Na-H20)+  is  observed  in  the  normal  MALDI 
spectrum.  Ions  are  also  produced  by  the  cleavage  of  the  glycosidic  bond  on  the 
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Figure  4-9.  MALDI-PSD  spectra  of  (M+Na)+  ions  of  erythromycin  A  (m/z  756) 
with  A.  oc-CHCA,  B.  DHB,  C.  IAA,  D.  s-DHB. 
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non-amino  sugar  to  produce  a  peak  at  m/z  598  (which  was  the  major  product  ion 
in  HE-  and  LE-CID  (Figure  4-5)).  Subsequent  loss  of  water  from  this  ion  is  also 
observed  in  the  spectra  at  m/z  580.  All  spectra  show  a  peak  at  m/z  158,  which 
corresponds  to  the  amino  sugar  moiety.  Ring  cleavage  and  loss  of  C2H20  from 
this  amino  sugar  group  produces  an  ion  at  m/z  116,  which  is  present  in  the 
spectra.  It  is  evident  from  these  spectra  that  more  intense  ions  corresponding  to 
the  loss  of  water  from  the  sodiated  species  are  obtained  with  DHB  and  s-DHB 
than  with  a-CHCA  and  IAA.  The  same  is  noticed  for  the  loss  of  water  from  the 
[Yop+  Na]+  ion,  whose  ion  is  more  abundant  in  the  "cooler"  matrices  DHB  and  s- 
DHB.  In  contrast  to  the  other  compounds  studied,  PSD  spectrum  of 
erythromycin  taken  in  a-CHCA  showed  the  poorest  signal-to-noise  ratio  and  the 
lowest  intensity.  It  is  important  to  mentioned  that  a-CHCA  produced  a  low 
intensity  MALDI  spectrum,  which  resulted  in  few  ions  available  for  PSD  and 
therefore  a  poor  signal-to-noise  ratio  in  PSD  with  this  matrix  is  observed. 
Effect  of  MALDI  Matrix  on  PSD 

For  the  protonated  compounds  studied  we  did  not  observe  any  effect 
other  than  enhancement  of  the  intensity  of  product  ions.  For  the  sodiated 
compound,  losses  of  water  were  significantly  enhanced  with  DHB  and  s-DHB.  In 
order  to  estimate  the  amount  of  fragmentation  produced  by  PSD,  the  efficiency 
of  the  PDS  process  was  calculated.  In  similar  way  to  the  calculations  in  the 
previous  chapter,  the  fragmentation  efficiency  is  given  by  the  ratio  of  the 
intensities  of  the  fragment  ions  to  the  intensities  of  all  ions  observed  (precursor 
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plus  fragment  ions).  Figure  4-10  summarizes  the  MALDI-PSD  results.  As 
indicated  in  the  bar  graph,  the  MALDI-PSD  spectra  taken  with  the  four  matrices 
show  a  large  variation  in  the  degree  of  ion  activation.  a-CHCA  produces  the 
most  fragmentation  for  des-arg9  bradykinin,  which  agrees  with  previous 
observations  on  other  arginine-containing  peptides.183  If  the  proton  transfer 
mechanism  operates,  the  presence  of  a  basic  amino  acid  in  the  peptide  seems 
to  favor  the  proton  transfer  from  matrix  to  analyte  and  therefore  fragmentation  is 
induced  on  the  peptide  backbone.  a-CHCA  is  a  high-energy  transfer  matrix  that 
could  be  used  to  promote  prompt  fragmentation  or  metastable  decay.  In 
contrast,  s-DHB  shows  the  least  fragmentation  efficiency  for  des-arg9  bradykinin. 
The  observed  suppression  of  fragmentation  with  s-DHB  has  been  seen  before 
and  has  been  attributed  to  a  greater  disorder  in  the  DHB  lattice  from  the 
presence  of  the  5-methoxysalicylic  acid,  resulting  in  reduced  internal  energy  and 
reduced  metastable  fragmentation.184  IAA  and  DHB  have  similar  fragmentation 
efficiencies  although  they  have  different  proton  affinities.  Tylosin  follows  a 
similar  trend  even  though  the  differences  in  the  spectra  are  not  as  striking  as  in 
des-arg9  bradykinin.  If  proton  transfer  is  the  most  important  mechanism  in 
ionization  by  MALDI  and  inducing  PSD  fragmentation,  matrices  with  low  proton 
affinities  will  be  "hot",  meaning  more  post-source  decay  is  induced.  The  lower 
proton  affinity  of  a-CHCA  (PA,  183  kcal/mol)185  in  contrast  to  DHB  (PA,  204 
kcal/mol)  indicates  that  a-CHCA  will  produce  more  fragmentation  than  DHB  and 
that  seems  to  be  the  case  of  des-arg9  bradykinin  and  tylosin,  but  it  does  not 
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apply  to  erythromycin  A  and  bovine  p-casomorphin,  which  somehow  show  a 
totally  different  behavior.  As  can  be  seen  in  the  graph,  the  proton  affinity  of  the 
matrix  in  PSD  seems  to  have  less  effect  than  proton  affinities  of  reagent  gases  in 
chemical  ionization.  Complications  involve  the  MALDI  matrix  affecting 
crystalization  and  isolation  of  sample  ions,  effect  on  protonation  (and  perhaps 
adduction),  and  collisions  with  matrix  molecules  in  the  gas  plume.  UV  absorption 
of  matrix  and  analyte,  as  well  as  reactions  with  photofragments  might  also  affect 
the  PSD  fragmentation.  Further  studies  are  needed  to  address  these  issues. 

Conclusion 

The  results  have  shown  that  although  dissociation  efficiency  is  strongly 
analyte  and  matrix  dependent,  CID  and  PSD  produced  extensive  structural 
information.  There  are  differences  in  the  fragmentation  channels  obtained  under 
high-  and  low-energy  CID.  Internal  fragments  were  prominent  in  low-energy  CID 
and  in  PSD.  Charge-remote  fragmentation  processes,  important  for  the 
identification  of  isomeric  amino  acid  residues  leucine  and  isoleucine,  were 
observed  only  in  HE-CID  spectra.  Abundant  an-17,  bn-17,  and  internal 
fragments-28  were  obtained  in  low-energy  CID  and  in  PSD  spectra.  These 
fragments,  produced  by  cleavages  of  at  least  two  bonds,  are  favored  by  the 
longer  reaction  times  obtained  in  these  two  types  of  processes  and  instruments. 
Fragmentation  obtained  in  MALDI-PSD  seems  to  correlate  with  LE-CID 
fragmentation  patterns  for  the  compounds  studied. 
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The  effect  of  the  matrix  on  MALDI-PSD  fragmentation  is  a  complicated 
issue.  Although  proton  affinity  differences  between  matrices  and  analyte  should 
have  an  effect  on  the  amount  of  internal  energy  deposited  in  the  precursor 
(M+H)+  ions  the  effect  is  not  always  observed.  Correlation  between  the  proton 
affinity  of  the  matrix  and  the  PSD  fragmentation  is  shown  for  des-arg9  bradykinin 
and  tylosin;  however,  this  is  not  so  apparent  for  bovine  p-casomorphin.  It  seems 
that  the  presence  of  basic  groups  in  the  analyte  favors  proton  transfer  from 
matrix  to  analyte  and  therefore  higher  internal  energies  deposited  in  the 
precursor  ion  result  in  enhancing  of  PSD  fragmentation.  The  PSD  fragmentation 
of  (M+Na)+  ions  of  erythromycin  A  is  not  dependent  on  proton  affinity  of  the 
matrix,  since  these  are  not  protonated  species. 


CHAPTER  5 
CONCLUSIONS  AND  FUTURE  WORK 

These  studies  emphasize  the  importance  of  understanding  the  influence 
of  the  different  experimental  parameters  on  MS/MS  spectra.  Several  ionization 
techniques  were  compared  in  order  to  produce  ions  with  different  amounts  of 
internal  energy  and  to  determine  the  role  of  precollisional  internal  energy  in  the 
appearance  of  MS/MS  spectra.  Metastable  ions,  high-  and  low-energy  CID,  as 
well  as  post-source  decay  experiments  were  performed  to  address  the  effect  of 
internal  energy. 

Several  ionization  techniques  and  MS/MS  instruments  were  used  for  the 
experiments  described  in  Chapter  2.  It  was  shown  that  internal  energy  can  be 
added  as  thermal  energy  into  the  molecules  during  the  fast  heating  process  in 
DCI  and  that  it  can  affect  tandem  mass  spectra.  Thus,  the  decomposition  of 
(M+H)+  from  leucine  enkephalin  formed  by  DCI  produced  an  intense  A4  ion 
resulting  from  the  loss  of  CO  from  the  corresponding  B4  ion.  The  results 
suggested  that  the  intensity  of  A4  might  be  enhanced  as  a  result  of  thermal 
decomposition.  A  similar  observation  was  made  in  the  DCI  spectra  of 
isovalerylcarnitine  in  which  an  ion  at  m/z  232  appears  as  a  result  of  pyrolysis. 
For  these  two  compounds,  the  ions  generated  by  LSIMS  seemed  to  be  "cooler" 
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than  the  ions  generated  by  DCI,  as  indicated  by  the  fewer  ions  in  the  MS/MS 
spectra  of  the  ions  generated  by  LSIMS.  The  possibility  of  having  different 
structures  formed  by  different  ionization  techniques  was  also  addressed. 

It  would  be  interesting  to  perform  MS/MS  experiments  on  ions  generated 
by  atmospheric  pressure  chemical  ionization  (APCI)  using  different  reagent 
gases  to  see  if  that  might  change  the  internal  energy  of  the  ions  and  also  to  see 
if  the  ions  formed  in  APCI  are  the  same  as  those  formed  by  DCI.  This  would 
also  offer  the  opportunity  to  explore  the  difference  between  gas-phase  and 
condensed-phase  ion  chemistry  if  ESI,  LSIMS,  APCI  and  CI  are  compared.  The 
ideal  experiment  would  include  the  comparison  of  MS/MS  spectra  of  ions 
generated  by  several  ionization  techniques  in  a  single  instrument  so  that 
instrumental  discriminations  are  the  same  for  all  compounds. 

The  ions  studied  in  Chapter  3  were  formed  by  chemical  ionization  with 
different  reagent  gases  since  the  internal  energy  of  the  ions  formed  in  CI 
depends  on  the  exothermicity  of  the  proton  transfer  reaction  between  the 
conjugate  base  of  the  reagent  gas  and  the  analyte,  which  in  turn  is  controlled  by 
the  proton  affinity  of  the  gas.  The  results  showed  a  clear  correlation  between  the 
energy  deposited  by  the  ionization  technique  and  the  fragmentation  efficiency  of 
the  compounds  studied.  In  general,  ions  generated  by  methane  chemical 
ionization  showed  higher  fragmentation  efficiencies  than  ions  generated  by 
isobutane  CI  and  by  ammonia  CI.  It  has  been  claimed  (and  disputed)  that  if  ions 
formed  by  low  activation  energy  pathways  are  ignored,  the  relative  abundances 
of  fragment  ions  in  CID  are  unaffected  by  precollisional  internal  energy.   It  is 
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shown  here  that  relative  abundances  are  affected  by  internal  energy  deposited 
during  ionization.  Comparison  of  high-  and  low-energy  CID  showed  that  LE-CID 
spectra  are  more  sensitive  to  internal  energy  changes  and  that  precollisional 
internal  energy  differences  are  less  important  at  high  collision  gas  pressures  in 
LE-CID.  Internal  energy  differences  arising  from  the  ionization  process  were 
also  observed  under  high-energy  CID  for  the  compounds  studied.  In  HE-CID, 
ion  ratios  are  shown  to  be  at  least  two  times  higher  for  ions  produced  by 
methane  or  isobutane  CI  than  for  those  produced  by  ammonia  CI.  In  LE-CID 
these  ratios  can  vary  by  up  to  a  factor  of  10  as  the  reagent  gas  is  changed. 
Although  the  compounds  used  in  these  studies  were  rather  small  (<  100  Da), 
which  might  have  helped  to  actually  see  an  effect  of  precollisional  internal  energy 
on  CID,  the  results  are  encouraging.  Future  work  should  involve  the  study  of 
bigger  molecules,  isomers,  and  compounds  with  other  functional  groups  in  order 
to  understand  the  details  of  the  fragmentation  process  and  to  be  able  to  compare 
different  collision  energy  regimes. 

In  Chapter  4,  post-source  decay  spectra  observed  in  a  reflectron  TOF 
mass  spectrometer  were  compared  to  high-  and  low-  energy  CID.  PSD  spectra 
showed  to  be  similar  to  low-energy  CID.  Fragmentation  efficiency  of  PSD  is 
compound-dependent,  but  was  approximately  70%  for  the  compounds  studied. 
PSD  spectra  did  not  display  ions  resulting  from  charge-remote  fragmentation 
processes;  the  inability  to  access  such  pathways  is  expected  for  low-energy 
processes.  PSD  fragmentation  was  also  evaluated  as  a  function  of  the  matrix 
used.  MALDI  PSD  is  much  less  affected  by  changing  the  matrix  than  is  LSIMS 
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or  CI.  It  was  found  that  for  the  protonated  ions  of  des-arg9  bradykinin  and 
tylosin,  PSD  increased  when  a-CHCA  was  used  as  matrix  and  was  suppressed 
in  the  presence  of  s-DHB.  In  the  case  of  bovine  p-casomorphin,  a  peptide  with 
no  basic  sites,  there  was  not  a  clear  correlation  between  proton  affinity  of  the 
matrix  and  PSD.  As  for  the  sodiated  species  of  erythromycin  A,  the  internal 
energy  is  not  expected  to  be  dependent  on  proton  affinity  of  the  matrix,  since 
there  are  no  protonated  species  from  the  analyte.  The  degree  of  PSD  was 
increased  by  the  presence  of  s-DHB  and  DHB  and  was  suppressed  in  a-CHCA 
and  IAA.  Although  the  proton  affinity  of  s-DHB  is  unknown,  it  is  presumably 
much  higher  than  IAA  and  DHB,  and  higher,  of  course,  than  a-CHCA.  If  the 
ionization  process  in  MALDI  is  directed  by  a  protonation  step,  the  exothermicity 
of  that  step  will  determine  the  degree  of  excitation  of  the  precursor  ions.  Thus, 
molecules  with  strong  basic  sites,  such  as  some  of  the  compounds  used  here, 
will  react  with  low-proton  affinity  matrices  in  a  much  stronger  way,  therefore 
facilitating  the  PSD  process.  It  will  be  important  to  extend  these  studies  to  a 
series  of  antibiotics  with  and  without  amino  sugar  groups  as  well  as  to 
investigate  the  effect  of  cationization  vs.  protonation  to  determine  if  changing  the 
matrix  induces  or  reduces  PSD.  Future  studies  should  also  involve  the  use  of  a 
systematic  group  of  peptides  in  which  changes  in  PSD  fragmentation  with  a 
particular  matrix  could  be  correlated  to  amino  acid  composition.  In  the 
experiments  involving  sodiated  erythromycin  A,  it  was  observed  that  DHB  and  s- 
DHB  produced  a  very  intense  peak  corresponding  to  the  loss  of  water.  Studies 
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including  the  use  of  liquid  matrices  at  different  pH  values  should  be  important  in 
determining  the  dehydration  degree  as  a  function  of  pH  and  matrix  composition 
in  general. 
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